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TECHNIQUE  OF  ORGANIC  CHEMISTRY 


INTRODUCTION 


Organic  chemistry,  from  its  very  beginning,  has  used  specific  tools  and 
techniques  for  the  synthesis,  isolation,  and  purification  of  compounds,  and 
physical  methods  for  the  determination  of  their  properties.  Much  of 
the  success  of  the  organic  chemist  depends  upon  a  wise  selection  and  a 
skillful  application  of  these  methods,  tools,  and  techniques,  which,  with 
the  progress  of  the  science,  have  become  numerous  and  often  intricate. 

The  present  series  is  devoted  to  a  comprehensive  presentation  of  the 
techniques  which  are  used  in  the  organic  laboratory  and  which  are  available 
for  the  investigation  of  organic  compounds.  The  authors  give  the  theoreti¬ 
cal  background  for  an  understanding  of  the  various  methods  and  opera¬ 
tions  and  describe  the  techniques  and  tools,  their  modifications,  their 
merits  and  limitations,  and  their  handling.  It  is  hoped  that  the  series  will 
contribute  to  a  better  understanding  and  a  more  rational  and  effective 
application  of  the  respective  techniques.  Reference  is  made  to  some  in¬ 
vestigations  in  the  field  of  chemical  engineering,  so  that  the  results  may  be 
ol  assistance  in  the  laboratory  and  help  the  laboratory  chemist  to  under¬ 
stand  the  problems  which  arise  when  his  work  is  stepped  up  to  a  larger 
scale. 

The  field  is  broad  and  some  of  it  is  difficult  to  survey.  Authors  and 
editor  hope  that  the  volumes  will  be  found  useful  and  that  many  of  the 

readers  will  let  them  have  the  benefit  of  their  criticism  and  of  suggestions 
for  improvements. 


A.  W. 

Research  Laboratories 
Eastman  Kodak  Company 
Rochester,  New  York 
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PREFACE 


Distillation  is  one  of  the  chief  operations  used  for  the  isolation  and  puri¬ 
fication  of  volatile  compounds.  Much  labor  has  been  devoted  to  the 
understanding  of  the  theory  and  to  the  perfection  of  the  techniques  of  dis¬ 
tillation  at  ordinary  and  reduced  pressures,  but  the  information  thus  ob¬ 
tained  is  not  easy  of  access.  The  present  volume  gives  a  comprehensive 
account  of  the  theory  and  practice  of  batch  distillation  on  a  laboratory 
scale.  Its  organization  owes  much  to  Dr.  F.  D.  Rossini,  to  Avhom  I  ex¬ 
press  sincere  thanks.  I  am  grateful  to  the  authors,  not  only  for  their  con¬ 
tributions,  but  for  many  suggestions  concerning  chapters  other  than  their 
own.  Authors  and  editor  acknowledge  with  gratitude  the  helpful  sugges¬ 
tions,  loan  of  materials,  and  assistance  in  the  editorial  work  received  from 


Miss  M.  W.  Grafflin,  Messrs.  R.  L.  Bent  and  I.  S.  Bradley,  and  Drs.  C  H 
Bridges,  E.  M.  Crane,  M.  R.  Fenske,  R.  F.  Marschner,  W.  J.  Podbielniak, 
H.  Skolnik,  H.  M.  Spurlin,  P.  W.  Vittum,  and  J.  S.  Whitaker.  We  are 
also  indebted  to  Podbielniak,  Inc.,  for  assistance  in  the  preparation  of  a 
number  of  the  illustrations  in  Chapters  II  and  IV.  Arthur  and  Elizabeth 
Rose  worked  out  the  integrated  list  of  symbols  (shown  on  pages  xviii-xxvii) 
following  the  approved  list  of  the  American  Institute  of  Chemical  Engineers 
as  closely  as  possible.  It  did  not  prove  feasible  to  use  this  for  “Distillation 
under  High  Vacuum/’  and  a  separate  list  was  made  by  Dr.  J  C  Hecker 
for  Chapter  VI  (pages  495  and  496),  following  the  usage  in  the  literature  on 
ugh  vacua.  Dr.  E.  M.  Crane  prepared  the  subject  index. 

Certain  phases  of  the  subject  matter  of  this  book  have  been  treated  in 
p  ecednig  volumes  of  the  series  Technique  of  Organic  Chemistry,  particularly 
m  the  following  volumes  and  chapters:  Volume  I,  Physical  Methods  of 
Organic  Chemistry,  Part  I,  “Temperature  Measuremkt”  by  J  M  Stu rtf 
vant,  Temperature  Control”  by  J  M  Sturtevant  , 

Melting  and  Freezing  Temperatures”  by  E.  L.  Skau  and  H  wtT  °f 
eterm.nat.on  of  Boiling  and  Condensation  Temperatures”  by  W.  S w/to- 
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PREFACE 


slawski  and  J.  II.  Anderson,  “Determination  of  Vapor  Pressure”  by  G.  W. 
Thomson,  “Determination  of  Density”  by  N.  Bauer,  “Determination  of 
Solubility”  by  R.  D.  Void  and  M.  J.  Void;  Volume  I,  Part  II,  “Refractom- 
etry”  by  N.  Bauer  and  Iv.  Fajans;  Volume  III,  “Heating  and  Cooling” 
by  R.  S.  Egly.  With  few  exceptions,  the  authors  of  Distillation  have  not 
repeated  the  information  contained  in  these  chapters.  A  cumulative 
index  of  the  major  topics  covered  in  the  first  five  volumes  of  this  series  is 
printed  at  the  end  of  this  volume. 

During  the  preparation  of  Distillation,  we  suffered  the  loss  of  an  author, 
Dr.  J.  K.  Moore,  who  died  suddenly  in  July,  1948.  We  had  the  benefit  of 
his  cooperation  in  the  planning  of  the  book  as  a  whole  and  of  Chapter  II 
in  particular.  Dr.  Moore  was  a  scientist  of  great  ability  and  a  fine  person 
who  had  become  dear  to  everybody  with  whom  he  collaborated  in  the 
writ  ing  of  this  book. 

To  the  publishers  and  their  staff  go  the  authors’  and  my  thanks  for  their 
understanding,  patient,  and  generous  help  in  many  problems. 

A.  W. 


Research  Laboratories 
Eastman  Kodak  Company 
Rochester,  New  York 
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(1)  Empirical  constant,  vapor-pressure  equation . 

(2)  Convenience  symbol,  Van  Laar  equation* . 

(3)  Empirical  constant,  Bowman-Briant  equation . 

(4)  Convenience  symbol,  Lewis  equation. .  * . 

(5)  Convenience  symbol,  distillation  equations  including  holdup.  . 

(6)  Efficiency  factor,  i.e.,  ratio  of  throughput  to  holdup  per  plate.  . 

(7)  Moles  component  A  in  multicomponent  mixture,  Rayleigh 

equation . . . 

(8)  Area  of  upper  bulb  of  manostat . 

(9)  Solute,  extractive  distillation . 

(1)  Moles  component  A  in  multicomponent  mixture  in  still  at  time 

of  reference  during  batch  distillation . 

(1)  Moles  component  A  in  multicomponent  mixture  in  still  at  dif¬ 
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(2)  Convenience  symbol,  Lewis  equation . 

(3)  Empirical  constant,  Marshall-Pigford  equation . 
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(1)  Moles  component  B  in  multicomponent  mixture  in  still  at 
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Constant  of  integration,  Clausius-Clapeyron  equation . 

Intermediate  fraction  in  batch  distillation . 

Convenience  symbol,  Bowman  equation . 
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Distance  up  column  in  terms  of  H.E.T.P.  units . 
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Convenience  symbol,  Bowman  equation . 
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Integration  constant . 
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( 1 )  Proportionality  constant 

(2)  Constant,  Smoker  equation . 

(3)  Constant,  Cohen  equations . 

( 1 )  Constants,  Diihring  equation . 

(1)  Integration  constant,  integrated  Rayleigh  equation  in  terms  of 

xd . 

(1)  Henry’s  law  constant . 

(1)  Integration  constant . 

(1)  Integration  constant,  integrated  Rayleigh  equation,  in  terms  of 

x. . 


( 1 )  Liquid  reflux  flow  rate  in  moles  per  unit  time . 

(2)  Latent  heat  of  sublimation . 

(1)  Liquid  reflux  flow  rate  in  moles  per  unit  time  from  top  plate, 
etc . 


(1)  H.E.T.P.  under  total  reflux . 

(1)  H.E.T.P.  under  finite  reflux . 

( 1 )  Molecular  weight 

(2)  Abbreviation,  Smoker  equation . 

(3)  Average  molecular  weight  of  two  substances,  Carswell  equation 

(1)  Moles  per  liter  more  volatile  component  in  liquid,  Cohen 
equations . 


(1)  Subscript  indicating  mth  plate  in  stripping  section  of  column. . 

(2)  Abbreviation,  Smoker  equation . 

(1)  Moles  per  liter  more  volatile  component  in  vapor,  Cohen 
equations . 

(1)  Slope  of  batch  distillation  curve  at  midheight . 

(1)  Number  of  moles,  perfect  gas  law . 

(2)  Number  of  moles  of  nth  component  in  multicomponent  mixture 

( 1 )  Number  of  molecules  per  milliliter,  Docksey-May  equation _ 

(1)  Moles  per  liter  less  volatile  component  in  liquid,  Cohen  equa¬ 
tions .  n 

( 1 )  Number  of  moles  component  1  in  perfect  gas  law . ' 

( 1 )  Number  of  transfer  units,  Chilton-Colburn  equation . 

(1)  Number  of  theoretical  plates . 

(2)  Subscript  indicating  nth  plate  in  column . 

3  Number  of  separation  steps  or  stages,  Lewis  equation  i  ^  i  "  ‘ 

)  istance  up  column  measured  in  transfer  units,  Marshall-Pig- 
tord  equation .  s 

(5)  Constant,  empirical  sublimation  equation . . .' ’ . .  .  . 
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(1)  Total  gaseous  pressure .  16 

(2)  Subscript  indicating  first  plate  above  still,  simplified  derivation 

of  Smoker  equation .  54 


(1)  Vapor  pressures  of  pure  substances 


(1)  Partial  pressures  of  individual  components  of  mixtures 


( 1 )  Pressure  of  mercury  at  T, . 

( 1 )  Pressure  of  mercury  at  T,  —  A l . 

( 1 )  Throughput . 

( 1 )  Convenience  symbol,  distillation  equations  including  holdup  . 

( 1 )  Gas  constant,  perfect  gas  law . 

(2)  Reference  component,  multicomponent  mixture . 

(3)  Rate  of  en trainer  flow . 

( 1 )  Reflux  ratio,  L/D . 

( 1 )  Minimum  reflux  ratio . 


( 1 )  Reynolds  Number . 

( 1 )  Distance  from  axis  of  packed  column . 

( 1 )  A  particular  value  of  distance  from  axis  of  packed  column . 

( 1 )  Surface  area  of  packing,  Carswell  equation . . . 

(2)  Cross-sectional  area  of  column,  Chilton-Colburn  equation . 

(3)  Total  moles  in  still  in  batch  distillation  at  any  instant . 

(4)  s  =  L,  Berg-James  equations  (80),  (80a),  and  (81) . 

(5)  Solvent,  extractive  distillation . 

( 1 )  Fraction  of  charge  remaining  in  still . 

(1)  Total  moles  in  still  in  batch  distillation  at  the  time  when  prod¬ 
uct  removal  is  commenced . 
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Total  moles  charge  in  batch  distillation . 

Total  moles  in  still  at  end  of  batch  distillation  with  constant 

distillate  composition . 

Total  moles  in  still  at  time  . . 

Fraction  of  charge  remaining  in  pot  at  midpoint  of  distillation 

curve . 

One-half  the  distance  between  parallel  plates  used  as  disti  a- 

tion  column,  Westhaver  equation . 

Temperature  in  heating  chamber  (degrees  Centigrade) . 
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Arthur  and  Elizabeth  Rose,  Stale  College,  Pennsylvania 


I.  INTRODUCTION. 

“Now  I  am  come  to  the  arts  and  I  shall  begin  from  distillation ,  an  in¬ 
vention  of  later  times ,  a  wonderful  thing  to  be  praised  beyond  the  power  of 
men ;  not  that  which  the  vulgar  and  unskilled  men  use,  for  they  do  but 
corrupt  and  destroy  what  is  good ;  but  that  which  is  done  by  skillful 

artists _  Let  one  that  loves  learning  and  to  search  nature’s  secrets,  enter 

upon  this ;  for  a  dull  fellow  will  never  attain  to  this  art  of  distilling.” 
Porta,  1589.* 


Distillation  and  organic  chemistry  have  been  closely  associated  for  cen¬ 
turies.  Long  before  organic  chemistry  was  recognized  as  a  distinct  branch 
of  science,  the  art  of  distillation  was  practiced  in  the  preparation  of  what 
we  now  know  as  organic  substances.  The  production  of  potable  forms  of 
ethyl  alcohol  is  the  example  best  known  to  the  layman,  and  has  in  fact 
stimulated  many  improvements  in  apparatus.  The  distillation  of  such 
essential  oils  as  turpentine  and  lemon,  and  of  the  many  medicinal  “waters” 
was  likewise  an  early  art.  The  alchemists  stressed  distillation  as  one  of  the 


processes  necessary  in  the  preparation  of  the  philosopher’s  stone,  and  in 
their  zodiac  assigned  to  it  the  sign  Virgo.  By  1500  knowledge  of  distilla¬ 
tion  had  become  detailed  enough  to  merit  the  publication  of  a  comprehen¬ 
sive  treatise  on  the  subject,  Das  grosse  Distillierbuch,  by  Brunswig,  one  of 
the  earliest  books  on  applied  chemistry  to  appear  in  a  language  other  than 
Latin.1  This  book  and  other  publications  of  the  period  show  that  the  early 
experts^  in  the  art  carried  out  distillation  operations  of  some  complexity 
In  the  subsequent  evolution  of  distillation  apparatus,  large-scale  and 
industrial  applications  preceded  its  development  in  the  laboratory.  Early 
in  the  nineteenth  century,  ingenious  stills  for  the  manufacture" of  spirits 
Were  devised  in  France  by  Cellier-Blumenthal  and  Derosne2-3  and  in  Great 

NatUmUS’ NapK  ,589:  qu°ted  in  Egloff  and  Lowry' Ind • 

oee  irul.  Eng.  Chetn.,  News  Ed.,  13,  140  (1935). 

3  See  also  Underwood,  Trans.  Inst.  Chem.  Engrs.  {London),  13,  34  (1935). 
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Britain  by  Coffey.4  These  efficiently  employed  heat  in  bubble-plate 
towers  that  were  little  different  from  those  used  today.  Later  in  the  nine¬ 
teenth  century,  when  organic  chemistry  emerged  as  a  science,  the  develop¬ 
ment  of  the  structural  theory  and  the  enormous  amount  of  research  on  coal- 
tar  derivatives  were  accompanied  by  marked  refinements  in  laboratory 
stills.  The  raw-material  shortages  of  the  first  world  war  and  the  extensive 
chemistry  based  on  petroleum  stimulated  further  improvements  in  appa¬ 
ratus,  of  which  highly  efficient  packed  columns  of  all  sizes  are  the  most  im¬ 
portant. 


1.  Terminology 

Precise  definitions  of  the  terms  used  in  this  book  are  discussed  in  detail 
in  the  appropriate  sections  of  the  text.  The  purpose  of  the  following  sec¬ 
tion  is  to  give  the  uninitiated  reader  a  working  knowledge  of  the  termi¬ 
nology. 

A.  DEFINITIONS  OF  GENERAL  TERMS  AND  THE  APPARATUS 

In  broadest  terms  distillation  is  a  process  of  separation  based  on  the 
difference  in  composition  between  a  liquid  and  the  vapor  formed  from  it. 
Condensation  of  the  vapor  and  recovery  of  the  resulting  liquid  are  almost 
always  implied.  Simple  distillation  involves  the  application  of  heat  to 
vaporize  the  liquid  and  the  subsequent  cooling  of  the  vapor  formed  until  it 
condenses  to  a  liquid  at  a  different  part  of  the  apparatus.  Such  a  process 
is  effective  in  the  separation  of  liquids  from  nonvolatile  solids,  as  in  the 
distillation  of  pure  water  from  salt  water,  or  the  recovery  of  an  organic 
solvent  from  mixtures  with  nonvolatile  substances.  In  such  cases  the 
distinction  from  evaporation  is  not  sharp. 

A  simple  distillation  also  can  serve  as  a  means  of  partial  separation  of  liquids  of 
appreciably  different  boiling  points  or  volatilities.  Simple  distillation  is  sometimes 
referred  to  as  differential  distillation  because  in  general  the  composition  of  both 
vapor  and  residue  changes  gradually  by  differential  amounts  as  the  operation  pro¬ 
ceeds.  In  flash  distillation  or  equilibrium  distillation,  a  form  of  simple  distillation, 
an  appreciable  proportion  of  a  liquid  is  converted  to  vapor  and  maintained  in  con¬ 
tact  with  the  residual  liquid  until  equilibrium  is  reached. 

Distillation  of  a  pure  substance  yields  no  separation,  and  is  of  interest 
only  as  a  partial  proof  that  a  sample  is  a  single,  pure  substance  rather  than 
a  mixture.  For  this  reason  discussions  on  distillation  almost  umversa  y 
deal  with  the  behavior  of  mixtures. 

The  apparatus  required  for  simple  distillation  consists  of  a  pot,  ca  e  a 

4  See  Thorpe,  Dictionary  of  Applied  Chemistry,  4th  ed.,  Vol.  I,  Longmans,  Green, 
New  York,  1937,  pp.  176-178. 
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still,  retort,  or  kettle,  in  which  the  liquid  to  be  distilled  (the  distilland)  is 
placed  for  heating,  a  condenser,  and  a  receiver  in  which  the  product,  or  dis¬ 
tillate,  is  collected.  The  term  still  is  also  used  to  refer  to  complete  assem¬ 
blages  of  apparatus  or  equipment  for  distillation.  The  earliest  condensers 
were  long  tubes  cooled  by  the  air.  The  famous  Liebig  condenser  (actually 
devised  by  Weigel5  before  1800),  in  which  the  condenser  tube  is  cooled  by 
a  countercurrent  of  cold  water,  came  into  common  use  about  the  middle  of 
the  nineteenth  century,  and  must  have  served  in  many  of  the  discoveries  of 
that  prolific  period  of  organic  chemistry. 

Early  in  the  art,  simple  distillation  was  found  ineffective  in  the  separation 
of  liquids  with  close  boiling  points,  and  the  first  crude  fractional  distillations 
were  devised.  As  originally  practiced,  fractional  distillation  meant  the 
collection  of  the  distillate  in  successive  fractions  or  cuts,  and  was  sometimes 
applied  to  the  systematic  recombination  and  redistillation  of  those  cuts. 
Young,6  for  example,  described  in  1922  such  a  distillation  of  a  benzene- 
toluene  mixture,  in  which  the  original  ten  fractions  were  recombined  and 
redistilled  fourteen  times,  a  process  taking  about  30  hours,  in  order  to 
obtain  appreciable  proportions  of  pure  benzene  and  toluene.  A  similar 
procedure  was  used  by  Shepherd  and  Porter7  in  1923  in  the  analysis  of 
liquefied  natural  gas.  As  it  is  used  today  the  term  fractional  distillation 
represents  the  whole  process  whereby  the  fractions  are  made  as  distinct  in 
properties  as  possible.  Especially  included  in  this  modern  concept  is  the 
use  of  various  devices  to  cause  a  partial  condensation  of  the  vapor  over  the 
still  and  return  of  the  liquid  condensate  toward  the  still.  In  this  sense, 
fractional  distillation  was  introduced  when  the  Alexandrian  chemists8 
(about  the  fourth  century  A.  D.)  interposed  between  the  still  and  condenser 
tube  the  first  crude  still  head,  thus  foreshadowing  the  modern  column  or 
tower.  Into  the  improvement  of  these  early  still  heads  has  been  put  most 
of  the  effort  of  the  subsequent  centuries.  The  aim  of  fractional  distillation 
is  the  achievement  of  the  closest  possible  contact  between  rising  vapor  and 
descending  liquid  so  that  equilibrium  will  be  approached  and  the  distillate 
contain  the  highest  possible  proportion  of  the  more  volatile  component. 
Such  purification  by  the  contact  of  countercurrent  streams  of  liquid  and 
vapor  is  generally  referred  to  as  enrichment. 

The  term  rectification  is  closely  associated  with  fractional  distillation  and 
had  its  origin  m  the  distillation  of  spirits.  Like  any  concept  involved  in  an 

s  See  Science,  103,  138  (1946). 

105  Y°Ung’  Distimi0n  PrinciVle*  and  Processes.  Macmillan,  London,  1922,  pp.  98- 

7  Shepherd  and  Porter,  Ind.  Eng.  Chetn.,  15,  1143  (1923). 

259.  K°PP’  BeUr&ge  ZUV  Geschichte  der  Chemie-  Vi<W0g,  Braunschweig,  1869,  pp.  217- 
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art,  before  it  becomes  a  science,  the  term  is  still  used  with  various  meanings. 
In  its  general  sense,  it  is  almost  a  synonym  for  distillation,  but  in  this 
chapter  rectification  will  be  defined  as  the  enrichment,  i.e.,  the  purification, 
of  the  vapor  in  the  head,  tower,  or  column  by  contact  with  condensed 
liquid  returning  toward  the  still.  Such  liquid  is  known  as  reflux. 

In  the  early  still  heads  reflux  was  produced  by  the  natural  cooling  effect 
of  the  surrounding  air,  or  in  some  cases  by  the  application  of  water  to  the 
outside  of  the  still  head.  Here  the  reflux  and  vapor  were  in  contact  only  on 
the  inner  surface  of  the  head.  In  modern  apparatus  intimate  contact  is 
effected  in  an  insulated  or  nearly  adiabatic  column  or  tower ,  supplied  with 
packing,  plates,  or  some  other  device  for  achieving  a  large  liquid-gas  inter¬ 
face.  The  reflux  is  produced  in  a  condenser  at  the  top  of  the  column.  The 
term  still  head  is  now  applied  also  to  the  condenser  and  associated  appara¬ 
tus  for  taking  off  product  and  measuring  temperature  at  the  top  of  a  labora¬ 
tory  column. 

The  term  contact  rectification  is  applied  to  all  processes  such  as  that  described 
above  in  which  rising  vapor  and  descending  liquid  are  brought  into  intimate  contact 
and  transfer  of  material  takes  place  from  one  phase  to  the  other  because  of  the 
fundamental  tendency  to  approach  equilibrium  compositions.  This  process  is 
usually  carried  out  under  adiabatic  conditions.  Recently  apparatus  has  been  con¬ 
structed  in  which  enrichment  is  secured  in  a  column  by  repeated  partial  vaporization 
of  liquid  or  partial  condensation  of  vapor,  or  both.  This  has  been  called  thermal 
rectification,  and  the  extent  of  the  composition  change  depends  upon  the  amount  of 
heat  added  to  the  liquid  or  removed  from  the  vapor.  The  process  has  advantages 
in  vacuum  distillation  and  is  discussed  in  detail  in  Chapter  V. 

In  continuous  distillation  (usual  in  large-scale  operations)  the  material  to 
be  distilled  (feed)  is  introduced  continuously  into  the  side  of  a  tower  and 
product  is  continuously  withdrawn  from  the  heater  section  ( boiler )  or  still 
and  from  the  condenser,  and  in  some  cases  also  from  intermediate  points 
above  and  below  the  point  at  which  the  feed  enters.9  The  portion  of 
such  a  column  above  the  point  of  entry  of  feed  is  called  the  enriching  sec¬ 
tion,  while  the  portion  below  the  feed  is  called  the  stripping  or  exhausting 
section.  In  hatch  distillation  the  entire  sample  of  the  material  to  be  distilled 
(the  charge )  is  placed  in  the  still  before  the  distillation  is  begun  and  during 
the  distillation  the  product  is  withdrawn  only  from  the  condenser.  Both 
partial  and  total  condensers  are  used.  In  the  former,  product  is  removed 
as  vapor  from  the  top  of  the  condenser  and  another  condenser  is  required 
to  liquefy  the  vapor.  Partial  condensers  are  sometimes  called  dephleg- 
mators  and  the  liquid  condensate  is  called  phlegm.  In  total  condensers, 

»  Excellent  scale  models  of  continuous  distillation  equipment  used  in  the  alcohol  and 
petroleum  industries  are  on  exhibit  at  the  Museum  of  Science  and  Industry,  Chicago. 
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;ill  the  vapor  is  condensed  and  product  is  removed  as  liquid  just  below 
the  condenser.  This  removal  need  not  be  complete  and  the  remaining 
liquid  supplies  reflux.  If  all  the  condensate  is  returned  down  the  col¬ 
umn  and  no  product  is  withdrawn,  the  column  is  said  to  be  operating  under 
total  or  infinite  reflux.  Such  operation  under  total  reflux  is  often  used  as  a 
preliminary  in  order  to  bring  the  column  as  near  equilibrium  as  possible  be¬ 
fore  removing  product.  If  the  condensate  is  divided,  the  column  is  said  to 
be  operating  under  partial  or  finite  reflux. 


B.  DEFINITIONS  OF  VARIABLES 


Reflux  Ratio,  Holdup,  Vapor  Pressure,  and  Volatility.  One  of  the 

major  factors  affecting  the  sharpness  of  separation  and  the  time  and  cost  of 
a  distillation  is  the  proportion  of  condensate  returned  as  reflux.  This 
proportion  is  measured  by  the  reflux  ratio ,  which  may  be  expressed  in  vari¬ 
ous  ways.  In  this  chapter  it  is  defined  as  the  ratio  of  moles  of  reflux  liquid 
per  unit  time  to  moles  of  product  per  unit  time.  A  high  reflux  ratio  means 
a  large  amount  of  reflux  liquid  for  a  given  amount  of  product,  and  in  general 
a  better  separation  but  a  longer  time  for  the  distillation  of  a  given  charge 
than  operation  with  a  low  reflux  ratio.  For  some  purposes  it  is  advanta¬ 
geous  to  define  reflux  ratio  as  the  ratio  of  descending  reflux  to  rising  vapor, 
both  being  measured  in  the  same  units.  It  is  important  to  be  certain 
which  definition  of  reflux  ratio  is  being  used. 

During  any  time  period,  a  certain  proportion  of  the  liquid  introduced  into 
the  apparatus  is  actually  in  the  column  or  tower  as  reflux  and  rising  vapor. 
This  is  known  as  holdup.  The  proportion  of  holdup  to  the  total  mixture 
being  distilled  is  of  consequence  in  batch  distillation  since  it  limits  the  per¬ 
centage  of  the  charge  that  can  be  distilled,  and  also  has  an  effect  on  the 
sharpness  of  separation. 


In  any  discussion  of  separation  by  distillation,  vapor  pressure  is  a  basic 
concept.  Every  liquid  evaporates  into  the  space  around  it  until  the  pres- 
sure  ot  its  vapor  reaches  a  characteristic  value  called  its  vapor  pressure 

•iture  aml^  ^  T  1,c‘uld,ft  a  «,ven  temperature,  increases  with  temper- 

th"  sense  haMnrm  T,  ^  *°  a"0thcr-  14  is  an  equilibrium  value  in 
cLmcteris^c  \  1  f  PreSSUre  "f  the  ^Por  is  greater  or  less  than  the 

ex;^r,d  wm 

Itilton^pZlt eqUilibriUm  C°n8titUteS  the  driving  forceTn'al, 

'vhth'dependl  T"  “T'™  °f 

dividual  components.  The  factors  determining 
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sures  are  complex  and,  in  the  case  of  distillation,  are  conveniently  expressed 
in  terms  of  the  volatility  and  relative  volatility.  A  more  detailed  discus¬ 
sion  of  the  concepts  introduced  here  will  be  found  in  Section  II.  (Although 
in  practice  mixtures  of  several  substances  are  frequently  distilled,  and 
progress  has  been  made  in  the  theory  of  distillation  of  liquids  of  three  or 
more  components,  the  succeeding  discussion  in  this  chapter  will  be  confined 
for  convenience  and  simplicity  to  binary  mixtures  unless  specifically  stated 
otherwise.)  The  volatility  of  a  substance  is  roughly  proportional  to  its 
vapor  pressure  or  inversely  proportional  to  its  boiling  point.  It  must  be 
emphasized  that  the  correspondence  is  only  approximate,  and  that,  partic¬ 
ularly  in  the  case  of  liquids  with  boiling  points  near  one  another,  the  corre¬ 
spondence  may  disappear  altogether,  and  in  certain  cases  the  lower-boiling 
component  may  have  the  smaller  volatility.  Volatility  of  substances  in  a 
mixture  is  usually  expressed  as  the  relative  volatility,  which  is  assigned  the 
symbol  alpha  ( a ).  For  materials  which  form  an  ideal  solution,  this  is  equal 
to  the  vapor  pressure  ratio,  i.e.,  the  ratio  of  the  vapor  pressures  of  the  two 
pure  materials  at  the  same  temperature.  This  may  be  expressed  as: 


a  =  P1/P2 


where  p\  and  p2  are  the  vapor  pressures  (at  the  same  temperature)  ot  the 
pure  substances  whose  separation  is  under  consideration.  I  he  larger 
pressure  is  conventionally  placed  in  the  numerator.  1  he  more  general 
definition  of  relative  volatility  in  terms  of  the  concentration  in  vapor  and 
liquid  phases  is: 


a  =  (2/1/ 2/2)/ (a?i/ 3^2) 


where  X\  and  X2  are  the  mole  fractions  of  the  two  components  in  the  liquid, 
and  yi  and  i/2  are  the  corresponding  mole  fractions  in  the  vapor. 

Separating  Power  and  Theoretical  Plates.  The  degree  of  success  in 
separating  a  mixture  by  distillation  is  closely  related  to  the  inherent  effi¬ 
ciency  or  effectiveness  of’  the  column  and  packing  or  plates.  The  terms 
theoretical  plate,  H.E.T.P.  (height  equivalent  to  a  theoretical  plate),  plate 
efficiency,  H.T.U.10  (height  of  a  transfer  unit),  and  other  concepts  are  used 
in  expressing  this  inherent  separating  power  of  the  apparatus.  The 
H.E.T.P.  standard  was  first  introduced  by  Peters11  and  has  been  app  ie< 
chiefly  to  packed  columns,  although  it  may  also  be  used  for  plate  columns. 
A  theoretical  plate  may  be  defined  as  one  which  produces  the  same  difference 
in  composition  as  exists  at  equilibrium  between  a  liquid  mixture  and  its 
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Chilton  and  Colburn,  Ind.  Eng.  Chem.,  27,  255,  904  (1935). 
Peters,  Ind.  Eng.  Chem.,  14,  470  (1922). 
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The  magnitude  of  the  change  in  composition  for  one  theoretical  plate 
varies  with  the  mixture  under  consideration,  and  for  any  one  mixture  it  also 
varies  with  the  composition.  This  may  be  illustrated  by  reference  to  the 
following  graph  of  the  composition  of  liquid  and  vapor  plotted  against  the 
boiling  points  of  a  binary  mixture  (Fig.  1).  Such  boiling-point  curves 
vary  widely  in  shape  for  various  mixtures,  and  for  the  same  mixture  they 
are  modified  by  pressure.  They  are  most  commonly  constructed  for 


atmospheric  pressure.  The  lower  curve  represents  the  boiling  points  of  the 
.quid  nuxture  with  its  varying  compositions,  while  the  upper  curve  reBrt 

boiline  n  C°"lp°!!tl0.n  of  ,he  vaPor  ,n  equilibrium  with  liquid  of  any  specified 

composition,  ft,  should  also  be  the  composition  of  the  fi  ? V'  Vapor 

from  a  simple  distillation  of  the  liquid  with  composit^  a^Suctl  dt 
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t  illation  is  usually  referred  to  as  a  perfect  simple  distillation.  The  term 
perfect  is  used  because  such  a  distillation  is  difficult  to  achieve  in  ordinary 
apparatus,  since  some  condensation  and  rectification  generally  occur  on 
the  upper  walls  and  neck  of  the  distillation  flask.  Specially  designed 
equilibrium  stills12  are  used  to  obtain  the  data  for  constructing  curves  such 
as  those  of  the  figure.  The  data  are  usually  plotted  as  vapor  composition 
versus  liquid  composition  but  for  the  present  discussion  the  boiling  point- 
composition  curves  of  Figure  1  are  adequate.  Reference  to  Figure  1  in¬ 
dicates  that  liquid  of  composition  b  would  boil  at  tb  and  would  be  in  equi¬ 
librium  with  vapor  of  composit  ion  c.  A  theoretical  plate  would  be  one  that 
produced  the  same  change  in  composition  as  a  perfect  simple  distillation, 
i.e.,  from  a  to  b,  or  from  b  to  c,  or  any  other  similar  change  in  composition 
such  as  d  to  e,  that  is,  the  composition  corresponding  to  the  ends  of  a 
straight  horizontal  line  between  the  liquid  and  vapor  curves  on  a  diagram 
of  the  type  shown.  Since  the  liquid  and  vapor  curves  always  run  together 
at  the  two  ends,  it  is  obvious  that  for  any  one  mixture  the  composition 
differences  corresponding  to  a  theoretical  plate  will  decrease  toward  zero  as 
the  liquid  compositions  approach  those  of  the  pure  substances.  It  is  also 
true  that  the  closer  the  relative  volatility  approaches  unity,  the  closer  will 
the  liquid  and  vapor  curves  approach  one  another,  and  the  less  will  be  the 
composition  difference  corresponding  to  a  theoretical  plate.  A  packed 
column  (or  any  other  rectifying  device)  that  will  produce  a  separation 
corresponding  to  two  consecutive  steps  or  units,  such  as  from  a  to  c,  is  said 
to  have  the  equivalent  of  two  theoretical  plates.  If  the  height  of  such  a 
packed  column  is  10  inches,  the  H.E.T.P.  is  5  inches.  Similar  reasoning 
applies  to  any  number  of  plates,  and  any  height  of  column.  Columns  have 
been  constructed  with  more  than  100  theoretical  plates.  A  given  column 
and  packing  may  be  expected  to  have  about  the  same  H.E.  T.P.  with 
different  pairs  of  liquids  if  these  are  of  the  same  general  type  as  to  chemica 
class  viscosity,  and  surface  tension.  If  these  characteristics  vary  to  a 
great  extent,  the  film  thickness,  area  of  gas-liquid  interface,  and  rates  o 
diffusion  are  presumably  sufficiently  changed  so  that  the  same  column  and 
packing  may  give  markedly  different  H.E.T.P.  values.  Considerable  prog¬ 
ress  has  been  made  in  expressing  column  performance  in  terms  of  the  re¬ 
sistance  to  transfer  of  material  across  the  film  between  the  vapor  and  hqirn 

Typical  methods  for  determination  of  vapor-liquid  equilibria  as  sel^ed  by  D^F. 
<in  (/)  Differential  distillation  method-Zawidzki,  Z.  physik. .Chem 35,  129  (19Wk 
c  method-Sage  and  Lacey,  Trans.  Am.  Inst.  Mining  Me  .Engrs.  lX>,  13b 
( 1940).  (.5)  Method  of  recirculation  of  condensed  vapor-Oth.ner,  Ind.  Eng.  Chem.,  to, 

614  (1943).  (4) 
burn,  Ind.  Eng.  Chon. 

tion  of  liquid  phase  an  , 

18,  575  (1946).  See  also  Figure  4  of  Chapter  111. 


Botkin: 

( 2 )  Static 


U,od  of  recirculation  of  condensed  vapor-Othmer,  Ind.  Bn,,  them.. 
Method  of  circulation  of  vapor  phase— Jones,  Schoenborn,  and  C.ol- 
35,  666  (1043).  (-5)  Method  involving  simultaneous  ■'ecjcula- 

,se  and  condensed-vapor  phase-Gillespie,  Ind.  tn,.  Chem.,  Ami.  Ed., 
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(Sect.  IV).  However,  the  concept  of  theoretical  plate  and  H.E.T.P.  has 
been  and  still  is  of  greater  practical  utility. 

The  term  theoretical  plate  is  based  on  the  assumption  that  in  a  plate 
column  the  liquid  on  any  plate  should,  under  ideal  conditions,  give  a  vapor 
which  would  differ  in  composition  by  the  amount  indicated  by  the  vapor- 
liquid  composition  diagram,  and  this  vapor  would  condense  to  form  the 
liquid  on  the  plate  above.  Thus  the  composition  difference  from  one  plate 
to  the  next  would  correspond  to  that  obtained  by  use  of  the  diagram.  In 
actual  operation  the  composition  differences  are  usually  less  than  this,  and 
the  term  plate  efficiency  is  used  to  represent  the  ratio  of  the  actual  concen¬ 
tration  change  to  that  expected  from  a  theoretical  or  perfect  plate. 

The  nature  of  the  devices  used  to  bring  liquid  and  vapor  into  contact  is 
the  major  factor  determining  H.E.T.P.  and,  in  a  given  diameter  column, 
also  determines  the  maximum  throughput.  Throughput,  or  vapor  velocity 
or  boilup  rate,  is  the  rate  at  which  vapor  is  passing  up  the  column  and  is 
usually  expressed  in  terms  of  the  quantity  of  liquid  equivalent  to  the  vapor 
passing  up  the  column  per  unit  time.  As  long  as  there  is  to  be  flow  through 
the  column  there  must  be  a  difference  in  pressure  between  the  still  pot  anti 
the  top  of  the  column,  and  this  must  be  sufficient  to  overcome  the  resistance 
between  descending  liquid  and  rising  vapor  as  they  pass  through  the  inter- 
Mices  ot  the  packing  or  between  plates.  There  is  a  maximum  throughput 
at  which  the  pressure  drop  (difference  in  pressure  between  still  pot  and  re¬ 
ceiver)  becomes  so  great  that  the  velocity  of  the  rising  vapor  is  sufficient  to 
prevent  normal  downward  flow  of  the  reflux.  Under  such  circumstances 
excess  liquid  first  collects  in  slugs  and  then  is  forced  upward.  This  is 
usually  called  flooding  and  is  not  desirable  during-actual  distillation  but  is 
regularly  used  to  give  increased  efficiency  by  thoroughly  wetting  the  pack¬ 
ing  tor  a  short  period  prior  to  the  start  of  a  distillation  in  a  packed  column. 

2.  Relation  of  Distillation  to  Other  Separation  Processes-Fractionation 

USed  t0  'mean  fractional  distillation  or 

^  ",'eanS  °f  Which  fracti°>»tion  of  mixtures  may  be  Sevd  T„ 
this  bioader  sense  fractionation  implies  any  process  for  the  f 

lion  procedure.  It  ™  TZ  /  ld“rt,Uatlon. 18  the  fractional-crystalliza- 
rare-earth  elements  11  \  'ore'  /  7"  USCd  m  th°  preparation  of  certain 

„w„  .  ®  ,  ,  ,mP0rUnt  example  *  fractionation 

Chap.  23.  ’  'mrV  °J  '  “  4,h  Journal  of  Chemical  Education,  1930, 
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is  the  separation  of  isotopic  uranium  fluorides  by  diffusion  barriers.14  In 
this  case  a  very  ingenious  system  was  devised  for  recombining  certain  frac¬ 
tions  and  repeating  the  fundamental  separation  with  a  minimum  of  han¬ 
dling.  Systematic  fractional  precipitation  of  high-polymer  solutions  is  of 
current  interest  as  an  aid  in  determining  the  distribution  of  molecular  sizes. 
The  washing  of  impurities  from  a  solid  is  a  similar  much  used  separation 
process,  and  extraction  from  one  liquid  to  another  has  been  extensively 
discussed  and  used  as  a  means  of  separation  and  fractionation. 

Analogous  procedures  involving  numerous  repetitions  of  simple  distilla¬ 
tion  and  recombination  of  distillates  are  described  in  the  older  literature  of 
distillation.  In  fact,  some  descriptions  of  such  fractional  separation  are 
of  such  late  date  as  to  emphasize  how  recent  is  the  development  of  ef¬ 
ficient  laboratory  rectification  equipment.  Distillation  through  a  col¬ 
umn  is  similar  in  principle  to  purification  of  a  liquid  mixture  by  counter- 
current  action  of  another  suitably  chosen  liquid  (continuous  solvent  ex¬ 
traction).  A  closely  related  case  is  purification  of  a  gaseous  mixture  by 
countercurrent  action  of  liquid  solvent  (ordinary  absorption-tower  action). 
These  last  three  types  of  separation  operations  are  unique  in  that  a  multi¬ 
plicity  of  stages  of  repetition  can  be  achieved  by  countercurrent  gravity 
flow  of  liquid  and  rise  of  vapor,  so  that  complex  handling  problems  are 
entirely  avoided.  The  effect  of  more  than  a  hundred  repetitions  of  the 
fundamental  separation  process  has  been  achieved  in  a  single  packed 

column. 

The  principles  and  theory  are  essentially  the  same  for  all  the  different 
kinds  of  separation  processes,15  and  more  than  one  process  is  usually 
applicable  for  any  one  separation  problem.  If  the  relative  volatility  is  near 
unity,  consideration  should  be  given  to  separation  by  modified  distillation 
such  as  extractive  or  azeotropic  distillation,  described  in  Chapter  III,  or  by 
methods  other  than  distillation.  However,  distillation  is  frequently  the 
best  choice  because  of  the  simplicity  of  the  apparatus  and  procedure. 
Absolute  purity  is  not  possible  by  any  distillation  process,  but  for  al 
except  azeotropic  mixtures  (Sect.  II)  such  purity  can  be  closely  approached 
if  sufficiently  complex  and  elaborate  processes  and  apparatus  are  used. 

3.  Distillation  Curves 

Like  the  apparatus,  the  theory  of  distillation  has  also  developed  largely 
around  organic-chemical  applications.  The  large-scale  production  of  alco 
hols  and  of  coal  tar  and  petroleum  derivatives  stimulated  extensive  v  oi 

..  Smyth,  Atomic  Energy  for  Military  Purposes.  Princeton  Univ.  Press,  Princeton. 
19t5,BenettdicL  Trans.  Am.  Inst.  Chem.  Engrs..  43,  41  (1947). 
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the  theory  of  continuous  distillation.  Since  this  has  been  discussed  ex¬ 
haustively  in  many  places,16  this  book  concerns  itself  principally  with  batch 
distillation  and  specialized  procedures,  and  the  section  on  theory  is  written 
largely  from  the  point  of  view  of  laboratory  batch  distillation  and  rectifica¬ 
tion. 

The  most  common  method  for1  expressing  the  results  of  a  batch  distilla¬ 
tion  is  by  means  of  a  distillation  curve  in  which  the  composition,  boiling- 
point,  or  some  other  property  of  the  distillate  is  plotted  against  the  per 
cent  of  the  charge  distilled  (Fig.  2).  A  perfect  separation  would  result  in 
curves  with  right-angled  breaks.  Such  a  situation  is  impossible  theoreti¬ 
cally,  but  is  approached  in  the  case  of  easily  separable  mixtures  or  suffi¬ 


ciently  effective  apparatus.  The  actual  sharpness  of  the  break  in  the  curve 
gives  an  approximation  of  the  sharpness  of  separation  attained  in  any  one 
case,  since  it  is  directly  related  to  the  purity  of  the  fractions  collected.  The 
greater  portion  of  the  theory  section  of  this  book  will  be  a  discussion  of  the 
various  factors  affecting  the  sharpness  of  separation  as  shown  by  distillation 

tnT'u-f  m0St  lmP°rtant  of  these  factors  in  fractional  distillation  are: 
0)  the  difference  m  composition  that  can  exist  between  liquid  and  vapor  at 
l  iilibmim  (vapor-liquid  equilibrium  relation  or  relative  volatility);  (2) 
the  effectiveness  of  the  contact  of  liquid  and  vapor,  usually  expressed  as 
plate  efficiency  or  height  equivalent  to  a  theoretical  plate  ami  (S)  ,he 

ratio)' ‘"TlO  C01'hdrte  d‘reCted  back  int0  the  fractionating  column  (reflux 
atio).  Although  they  are  interrelated,  these  factors  refer,  respectively  to 

the  mixture  under  separation,  the  apparatus,  and  the  method  of  operation 

ad!  M^-H^8  Ne^yoT'mr  T?*  *** ? 3rd 

ftW/faOVm,  3rd  ed„  McGraw-Hill,  New  YoiTlU  u  °f  Fnuii°*°< 

and  Practice  of  Industrial  Distillation  tnn  lilt  ,  aus  ,,a,ul  !Uul  bripp,  Principles 

Section  ,  in 
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Additional  factors  are  holdup,  throughput,  and  the  amount  of  excess  or  net 
condensation  or  vaporization  occurring  in  the  column  itself,  if  it  is  not  prop¬ 
erly  insulated  from  its  surroundings.  Obviously  simple  distillation  does 
not  involve  all  these  factors,  and  still  heads  present  an  intermediate  case. 
Variation  in  the  operating  procedure  in  fractionation  allows  considerable 
control  of  the  results.  The  choice  of  reflux  ratio  together  with  the  vapor 
velocity  determines  the  time  required  for  a  batch  distillation.  These 


variables  also  play  a  part  in  determining  the  holdup  and  the  number  o( 
theoretical  plates.  Choice  of  apparatus  and  packing  determines  the 
minimum  and  maximum  values  of  the  theoretical  plates,  the  vapor  ve  ocity 
and  the  holdup.  There  is  even  some  control  over  the  relative  volatility, 
since  this  may  be  altered  by  changing  the  pressure  of  the  distillation 
(vacuum  distillation)  or  by  addition  of  a  new  substance  to  the  mixture 

(azeotropic  or  extractive  distillation).  . 

There  is  a  voluminous  literature  on  packing  and  other  contacting  devices 

for  fractionating  columns,  including  particularly  the  dete™‘“at‘°"  ° 
H  E  T  P.  values  at  total  reflux.  The  present  discussion  will  place  mos 
emDhasis  on  the  use  of  distillation  curves  to  represent  the  end  result  of 
fractionation,  and  on  the  effect  of  relative  volatility,  reflux  mrmbe^ 

theoretical  plates,  and  other  factors  on  the  sharpness  of  the  breaks  tin. 


curves. 
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A  poor  separation  is  represented  by  curve  A  of  Figure  2.  Even  the  very 
first  of  the  distillate  is  little  better  than  00%  pure,  and  the  entire  first  hall 
averages  litt  le  better  than  80%  pure.  These  percentages  refer  to  the  lower- 
boiling  component.  The  separation  of  the  higher-boiling  component  is 
even  worse,  since  only  the  last  third  ot  the  distillate  contains  moi  e  than  90% 
of  that  component.  Such  a  poor  separation  occurs  when  materials  are  of 
nearly  the  same  boiling  point  or  volatility,  and  when  either  or  both  the  re¬ 
flux  ratio  and  the  equivalent  number  of  theoretical  plates  are  too  low. 


Curve  B  indicates  a  reasonably  good  separation. 

An  approximate  theoretical  relationship  between  the  sharpness  of  separa¬ 
tion  and  the  relative  volatility,  the  reflux  ratio,  and  the  equivalent  num¬ 
ber  of  theoretical  plates  is  given  in  Figure  3.  This  is  based  on  the  values 
of  these  factors  calculated  as  necessary  to  obtain  a  good  separation  of  a 
binary  mixture  as  indicated  by  the  distillation  curve  B  of  Figure  2.  The 
relationships  for  Figure  3  were  obtained  by  plotting  values  for  the  reflux 
ratio,  Rd,  and  the  number  of  theoretical  plates,  n,  calculated  to  obtain  the 
desired  separation  (Sect.  VIS).  The  same  approximate  relation  is  given 
by: 


„  2.85  Tb  +  Ta 

n  =  nD  =  -  =  - 

log  a  3 (Tb  -  Ta) 

where  TB  and  TA  are  the  absolute  boiling  points.  These  relations  indicate 
that  the  reflux  ratio  should  be  numerically  about  equal  to  the  number  of 
theoretical  plates.  For  substances  boiling  near  100°C.  the  expression  be¬ 
comes: 


Bb  —  7\,  — 


250 


Tb  -  Ta 


It  is,  however,  not  necessary  to  specify  exactly  the  number  of  theoretical 
plates  required  in  order  to  achieve  the  desired  separation.  Any  value  of  n 
within  the  range  indicated  by  a  solid  curved  line  on  the  figure  should  be 
suitable.  Within  this  range  the  lower  values  of  n  may  be  compensated  for 
by  a  corresponding  increase  in  BD}  and  higher  values  of  n  allow  use  of  a 
smaller  BD.  It  is  clear  that  it  is  essential  that  n  remain  approximately 
within  the  desired  range  since  values  that  are. too  low  cannot  be  compen¬ 
sated  for  by  any  increase  in  BD,  no  matter  how  great,  and  values  that  are 
too  high  do  not  allow  a  corresponding  decrease  in  RD.  Discrepancies  of 
considerable  magnitude  must  be  expected  in  the  practical  use  of  these  rela- 
ions  because  of  the  many  assumptions  involved  in  the  derivations.  The 
clnef  of  these  are  the  assumptions  of  constant  relative  volatility  and  of 
negligible  holdup.  The  limitations,  derivations,  and  extension  of  these 
theoretical  relations  are  discussed  in  detail  in  subsequent  sections.  The 
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t  licoi  \  ot  batch  distillation  has  not  yet  progressed  to  the  stage  where  useful 
predictions  can  be  made  regularly  and  with  confidence. 


4.  Conclusion 


It  is  essential  to  emphasize  that  the  theory  of  batch  distillation  is  a  new 
and  undeveloped  field  of  knowledge.  There  are  large  areas  that  are  almost 
unexplored,  as,  for  instance,  the  factors  that  determine  the  rate  of  transfer 
between  liquid  and  vapor.  The  whole  field  is  largely  unchecked  bv  ex¬ 
periment,  and  a  great  deal  of  work  along  this  line  remains  to  be  done.  The 
theory  is  chiefly  useful  as  a  general  guide  rather  than  as  a  means  of  getting 
accurate  numerical  answers  to  specific  detailed  problems.  The  number  of 
variables  is  so  great  and  their  interrelations  so  complex  that  the  theory, 
though  imperfect  and  only  partly  developed,  is  essential  in  order  to  reduce 
necessary  confirming  experiments  to  a  reasonable  number. 

The  kind  of  information  given  by  the  theory  may  be  likened  to  the  view 
of  a  large  unexplored  region  obtained  from  a  high  mountain  top  through  im¬ 
perfect  lenses.  One  sees  only  the  main  features — a  broad  river,  an  open 
valley,  a  high  plateau,  or  a  forbidding  peak  and  ridge  with  passes  suggested 
here  and  there.  It  is  inspiring,  fascinating,  and  profitable  to  speculate  on 
details,  but  it  must  be  recognized  that  exact  and  useful  knowledge  will  come 
only  from  the  hard  work  of  mile-by-mile  exploration  and  development, 
with  many  disappointments  and  numerous  difficulties  and  changes.  The 
general  methods  of  material  balances  and  calculus  are  akin  to  the  use  ol 
field  glasses  and  telescope  and  airplane  photography.  Painstaking  ex¬ 
periment,  like  the  careful  work  with  compass,  measuring  tape,  and  plumb 
bob,  must  follow  the  more  general  approach.  Those  who  venture  into  or 
are  by  necessity  forced  into  such  a  region  must  proceed  with  a  keen  aware¬ 
ness  of  their  situation.  They  may  expect  to  discover  easy  short  cuts  and 
fertile  areas  for  usefidness  and  achievement;  they  may  also  become  in¬ 
volved  in  confusing  morasses,  great  barrens,  or  impassable  canyons.  In 
any  case  it  may  confidently  be  expected  that  the  main  features  of  the 
original  view  will  continue  to  remain  as  unchanged  and  reliable  landmarks, 
and  that  the  details  will  gradually  build  themselves  into  a  continuous  and 

co-ordinated  whole. 

II.  VAPOR-LIQUID  COMPOSITION  RELATIONS 

All  separations  by  distillation  depend  upon  the  difference  in  composition 
between  a  liquid  mixture  and  its  vapor.  The  composition  ol  the  vapor  is 
determined  by  the  actual  vapor  pressure  (partial  pressure)  ol  each  o 
components  under  the  conditions  of  the  mixture.  At  any  temperature, 


I.  THEORY 


15 


each  pure  liquid  substance  has  its  characteristic  equilibrium  vapor  pressure, 
or  saturation  pressure,  which  it  attains  with  sufficient  time  tor  diffusion  and 
opportunity  for  contact  of  liquid  and  vapor.  In  a  mixture  at  equilibrium, 
the  partial  pressure  of  any  one  component  depends  on  the  characteristic 
vapor  pressure  of  the  pure  substance,  on  the  composition  of  the  mixture, 
and  on  the  effect  of  the  other  components  in  the  mixture. 

In  actual  distillation  equilibrium  is  not  attained,  since  time  for  diffusion 
and  opportunity  for  perfect  contact  between  the  countercurrent  sti  earns  of 
liquid  and  vapor  are  seldom  adequate.  I  heoretical  analysis  ought  ther e- 
fore  to  consider  the  time,  rates,  and  surface  areas  involved  in  the  diffusion  ot 
the  components  from  liquid  to  vapor  and  vice  versa.  Such  analyses  are 
complex  and  still  in  process  of  development.17  Despite  their  promise  ol 
defining  relations  existing  at  actual  operating  conditions,  the  theory  of  dis¬ 
tillation  cannot  discard  the  study  of  vapor-liquid  compositions  at  equi¬ 
librium,  on  which  all  theoretical  work  is  based.  For  this  reason  the  present 
section  deals  with  the  vapor  pressure  of  liquid  mixtures,  and  the  difference 
in  composition  between  liquid  mixtures  and  their  vapors. 

Classes  of  Liquid  Mixtures.  It  is  advantageous  to  divide  liquid  mix¬ 
tures  into  several  distinct  classes  for  the  purposes  of  this  discussion. 
These  are: 


1.  Binary  mixtures. 

a.  Completely  immiscible. 

b.  Miscible:  ideal  mixtures  and  nonideal  mixtures. 

c.  Partly  miscible. 

2.  Multicomponent  mixtures. 

1.  Binary  Systems 


A.  COMPLETELY  IMMISCIBLE 


The  simplest  among  the  above  classes  is  represented  by  a  mixture  of  two 
liquids  which  are  entirely  insoluble  or  immiscible  in  one  another  and  form 
two  separate  liquid  layers  or  phases.  In  such  a  case  the  composition  of  the 
vapor  in  equilibrium  with  the  liquid  mixture  is  unaffected  by  the  relative 
quantity  of  the  two  liquids,  but  the  temperature  of  the  mixture  is  all  im¬ 
portant.  Each  liquid  vaporizes  as  if  the  other  were  not  present,  and  the 
composition  of  the  vapor  is  dependent  only  on  the  vapor  pressures  of  the 
two  pure  components.  In  phase-rule  terms,  there  are  two  components 
n ee  Phases  (two  liquid,  one  vapor),  and  the  number  of  degrees  of  freedom 


8  588  a94man< IT  t  27’  255’  904  <1935)-  Cohen,  /.  Chem.  Phys 

oyoaoan  f  1  Chim:Acta’  26>  1693  0^3);  Kulm  and  Baert- 
SectionlV  ’  *  ’  "  eSthaver’  Irul.  Eng.  Chem.,  34,  126  (1942).  See  also 
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must  then  be  one.  At  any  one  distilling  temperature,  the  total  pressure  of 
the  system  is  fixed. 

Dalton’s  Law  of  Partial  Pressures.  The  partial  pressures  of  the  individual 
components  in  a  vapor  mixture  are  related  to  the  total  pressure  by  Dalton’s 
law  of  partial  pressures,  which  states  that  the  sum  of  the  individual  partial 
pressures  in  a  mixture  of  gases  or  vapors  is  equal  to  the  total  pressure  and 
that  each  individual  gas  exerts  a  pressure  as  if  it  were  present  alone  in  the 
\  olume  occupied  by  the  mixture.  Except  for  discrepancies  due  to  devi¬ 
ations  from  the  perfect  gas  laws,  these  relations  may  be  expressed  by  the 
mathematical  formulas: 


Pi  +  p2  +  f>3  T  •  •  -  =  P 
and,  from  the  fundamental  gas  laws: 

p  =  NRT/V 


for  the  entire  mixture,  and: 


.  p j  =  N^RT/V 

for  a  single  component.  Thus  the  partial  pressure  of  any  component  in 
the  vapor  mixture  divided  by  the  total  pressure  of  the  mixture  will  approx¬ 
imate  the  mole  fraction  of  that  component  in  the  vapor: 

pi  =  NrRT/V  =  Ah  = 

p  NRT/V  N  Vl 

This  simple  relation,  pjp  =  yi,  will  form  the  basis  for  predicting  vapor  and 
distillate  compositions  in  most  of  the  discussions  to  follow.  Its  use  may  be 
illustrated  by  estimating  the  composition  of  the  distillate  from  the  distilla¬ 
tion  of  a  mixture  of  benzaldehvde  and  water. 

Calculation  of  Vapor  Composition  from  Vapor  Pressure.  At  a  temperature  of 
98  °C.  liquid  water  is  in  equilibrium  with  its  vapor  when  the  latter  has  a  pressure  of 
707  millimeters.  The  corresponding  vapor  pressure  for  benzaldehyde  is  56  milli¬ 
meters.  Since  each  liquid  is  insoluble  in  the  other,  a  thoroughly  agitated  mixture  of 
liquid  water  and  benzaldehyde  at  98°  will  be  in  equilibrium  with  a  vapor  mixture  of 
water  and  benzaldehyde  at  pressures  of  707  and  56  mm.,  respectively.  From  the 
above  formula  it  follows  that  the  mole  fraction  of  benzaldehyde  in  the  vapor  mixture 
is  56/763  =  0.073,  and  of  water  707/763  =  0.927.  The  relative  weights  of  the  two 
vapors  in  unit  volume  of  the  mixture  are  obtained  by  multiplying  each  partial 
pressure  by  the  corresponding  molecular  weight  (M) : 

Wl  _  56  X  106  5936 

w2  =  p,M2  “  707  X  18  “  12,726 


1 

or  about  — — r 
2.15 
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Steam  Distillation.  CodistiUation.  If  the  atmospheric  pressure  is 
slightly  lower  than  the  total  (763  mm.)  of  the  above  vapor  pressures,  the 
liquid  benzaldehyde-water  mixture  will  boil  away  as  long  as  the  temper¬ 
ature  of  98°  is  maintained,  until  one  or  the  other  component  is  exhausted. 
(The  normal  boiling  point  of  pure  benzaldehyde  is  179.5 °C.)  A  distillation 
may  thus  be  carried  out  by  passing  the  vapors  through  a  suitably  arranged 
condenser  that  will  condense  both  liquids.  The  distillate  will  contain  the 
two  liquids  in  the  same  proportions  as  in  the  vapor,  except  for  such  small 
fractions  as  are  not  liquefied  by  the  condenser.  In  actual  practice  such  an 
operation  is  usually  carried  out  as  a  steam  distillation  in  which  steam  is 
bubbled  through  the  material  to  be  distilled.  This  type  of  operation  is  a 
simple  means  of  purifying  substances  that  are  high  boiling  or  unstable  at 
their  boiling  points  and  immiscible  and  unreactive  with  water.  Analogous 
purifications  by  codistillation 18  may  be  carried  out  by  use  of  other  suitably 
chosen  immiscible  liquids  or  inert  gases.  It  is  to  be  noted  that,  because  the 


molecular  weight  of  water  (18)  is  low  compared  with  that  of  benzaldehyde 
(106),  the  ratio  by  weight  of  benzaldehyde  to  water  in  the  product  is  much 
greater  (1  to  2.15)  than  the  ratio  of  the  vapor  pressures  or  mole  fractions  (1 
to  12.7).  Thus  it  is  advantageous  in  any  purification  by  codistillation  to 
have  the  added  immiscible  component  of  relatively  low  molecular  weight, 
since  this  cuts  down  the  total  material  which  must  be  distilled  in  order  to 
obtain  the  pure  desired  component.  When  the  added  component  is  a  gas, 
the  receiver  must  be  kept  cold  enough  to  reduce  the  vapor  pressure  of  the 
desired  material  to  a  negligible  value,  or  the  inert  gas  will  carry  off  an 
appreciable  proportion.  Recirculation  of  the  gas  may  be  practiced  to 
avoid  this  difficulty. 

From  the  vapor  pressures  recorded  in  the  literature19  it  is  usually  possible 
to  predict  approximate  boiling  points  and  distillate  compositions  of  mix¬ 
tures  of  two  completely  immiscible  substances  by  the  method  illustrated  by 
the  benzaldehyde-water  calculations.  It  is  to  be  emphasized  that  the 


18  Morton,  Laboratory  Technique  in  Organic  Chemistry,  McGraw-Hill,  New  York, 
1938,  pp.  143-144.  Rassow  and  Schultzky,  Z.  angew.  Chem.,  44,  669  (1931).  Othraey 
Ind.  Eng.  Chem.,  33,  1106  (1941).  Schoenborn,  lvoffolt,  and  Withrow,  Trans.  Am. 
hist.  Chem.  Engrs.,  37,  997  (1941).  Garber  and  Lerman,  ibid.,  39,  113  (1943).  “Car¬ 
rier-Distillation  Analysis  of  Uranium,”  Chem.  Eng.  News,  25,  777  (March  17  1947) 

“  International  Critical  Tables,  McGraw-Hill,  N.  Y„  1926  +  .  Beilstein,  Handbook 
der  orgamschen  Chemie,  Springer,  Berlin,  1918  +  .  More  recent  and  detailed  are:  G.  G. 
Brown,  Katz,  Oberfell,  and  Alden,  Natural  Gasoline  and  the  Volatile  Hydrocarbons 
Natl.  Gasoline  Assoc.,  of  America,  Tulsa,  1948,  92  pp.  Eglotf,  Physical  Constants  of 
Hydrocarbons  Remhold,  New  York,  1939.  Katz  and  Rzasa,  Bibliography  for  Physical 
Be/mowrofHydromrbom  under  Pressure  ami  Mated  Phenomena,  Edwards,  Am,  Arbor 

!  ®areau y  Standards,  Circular  Cm,  “Selected  Values  of  Properties  of 

Hydrocarbons,  November,  1947.  Stull,  Ini.  Eng.  Chem.,  30,  517,  1.184  (corrections! 
(1947),  vapor  pressures  of  more  than  1200  organic  compounds,  300  inorganic  compounds. 
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accuracy  of  all  such  calculations  depends  upon  the  assumption  of  sufficient 
time  and  intimate  contact  so  that  equilibrium  vapor  pressures  are  approx¬ 
imately  attained.  Calculations  of  steam  consumption  in  steam  distillation 
are  important  in  industrial  applications.20 

B.  MISCIBLE 

Ideal  Mixtures.  Raoult’s  Law.  With  liquids  that  are  completely 
miscible  in  one  another,  the  vapor  pressure  of  each  component  depends 
upon  the  composition  of  the  liquid  as  well  as  the  temperature.  Each  com¬ 
ponent  affects  the  vapor  pressure  ol  the  other.  There  are  two  components 
and  two  phases,  one  liquid  and  one  vapor,  so  that  the  number  of  degrees  of 
freedom  is  two.  If  the  distilling  temperature  and  the  composition  are  fixed 
the  total  pressure  is  fixed.  In  the  simplest  case,  the  ratio  of  the  vapor  pres¬ 
sure  of  a  substance  in  such  a  mixture  to  its  vapor  pressure  in  the  pure  state 
is  given  by  the  mole  fraction  of  the  substance  in  the  liquid  mixture.  For 
instance,  the  vapor  pressure  of  pure  benzene  at  100 °C.  is  1344  millimeters. 
In  a  liquid  mixture  of  1  mole  benzene  and  9  moles  toluene  at  the  same  tem¬ 
perature,  the  vapor  pressure  of  benzene  is  134  millimeters.  Similarly  the 
vapor  pressure  of  toluene  in  this  mixture  is  504  mm.,  about  0.9  the  value  for 
pure  toluene  at  this  temperature  (557  mm.).  Mixtures  in  which  this  simple 
relation  applies  are  called  ideal  and  the  relation  is  known  as  Raoult’s  law. 
It  may  be  expressed  mathematically  as: 

pi  =  PlXi 

in  which  pi  is  the  partial  vapor  pressure  of  component  1,  px  is  the  vapor 
pressure  of  the  pure  substance,  and  Xi  is  its  mole  fraction  in  the  liquid. 
Ideal  mixtures  are  usually  made  up  of  two  or  more  closely  similar  com¬ 
pounds,  and  the  law  applies  most  closely  to  the  component  with  mole 
fraction  near  unity.  It  also  often  applies  to  one  component  in  a  mixture 
but  not  to  the  others. 

Henry’s  Law.  In  a  limited  number  of  instances  the  partial  pressure  (pi) 
of  a  particular  component  of  a  mixture  can  be  related  to  the  liquid  com¬ 
position  by  the  expression: 

Pi  =  kx  i 

in  which  Xi  is  the  mole  fraction  of  the  component  in  the  liquid  phase  and  k 
is  the  Henry’s  law  constant  for  the  mixture.  This  law  usually  applies  for  a 
component  present  in  low  concentration,  but  applies  only  rarely  at  appreci¬ 
able  concentrations.  It  is  obvious  that  Raoult’s  law  is  a  special  case  oi 

20  Perry,  Chemical  Engineers'  Handbook,  2nd  ed.,  McGraw-Hill,  New  York,  1941,  pp. 
1388-1391.  Nord,  Ind.  Eng.  Chem.,  37,  854  (1945);  nomograph. 
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Henry’s  law  in  which  the  constant  k  is  replaced  by  the  value  for  the  vapor 
pressure  of  the  pure  component.  The  two  laws  apply  best  to  opposite  ex¬ 
tremes  of  concentration— Henry’s  law  for  components  having  mole  frac¬ 
tions  near  zero  and  Raoult’s  law  for  components  having  mole  fractions  near 

unity.  .  , 

Vapor  Pressures  of  Pure  Substances  at  Various  Temperatures.  Duhnng  s 

Rule  and  Cox  Charts.  While  there  are  some  data  in  the  literature  on  the 
vapor  pressures  of  substances  at  a  variety  of  temperatures,19-21  such  in¬ 
formation  is  still  very  incomplete,  and  various  procedures  have  been  evolved 
for  making  the  best  use  of  the  available  data,  and  for  expressing  them  con¬ 


cisely.  The  basic  equation  for  the  relation  of  vapor  pressure  to  temper¬ 
ature  is  the  Clausius-Clapeyron  equation : 


dp  X 
dT  =  TAV 


in  which  dp/dT  is  the  rate  of  change  of  vapor  pressure  with  absolute  tem¬ 
perature,  T,  X  is  the  molar  latent  heat  of  vaporization,  and  AV  is  the  differ¬ 
ence  in  volume  between  a  mole  of  liquid  and  a  mole  of  vapor.  If  the  volume 
of  the  liquid  is  assumed  to  be  negligible,  and  the  vapor  is  assumed  to  be 
ideal,  so  that  V  =  RT/p,  and  X  is  constant  with  respect  to  temperature,  the 
above  equation  becomes: 


d  In  p 


dT  RT 2 


,  ,  X 

and  In  p  = - +  I 

1  RT 


This  is  the  basis  for  the  empirical  form  in  which  vapor  pressures  are  fre¬ 
quently  recorded  in  the  literature: 


log  p  =  ( A/T )  +  B 

A  graphic  equivalent  was  prepared  by  Copson  and  Frolich22  for  the  lower 
hydrocarbons  by  plotting  log  p  against  (-1/T).  The  curves  obtained 
were  practically  straight  lines. 

Duhring’s  rule  is  expressed  by  the  relation : 


l A  —  k\tf)  T  &2 


where  tA  and  l„  are  boiling  points  of  two  different  liquids  at  a  particular 
pressure  and  h  and  h  are  constants.  Thus  values  of  lA  for  various  pres¬ 
sures  give  a  straight  line  when  plotted  against  the  corresponding  boiling 
points  of  t„.  |  his  is  equivalent  to  plotting  against  one  another  the  tem¬ 
peratures  at  which  a  reference  substance  and  another  substance  have  the 


“  Miles,  lnd.  Eng.  Chen.,  35,  1052  ( 1943).  Nomograph. 
Copson  and  Frolich,  lnd.  Eng.  Chem.,  21,  1116  (1929). 
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same  vapor  pressure.  Once  the  reference  line  for  substance  A  is  estab¬ 
lished,  only  two  points  arc  needed  to  determine  the  position  of  the  B  line 
il  the  substances  A  and  B  are  similar  chemically. 

Another  method  of  expressing  vapor-pressure  data  is  the  Cox  chart.-* 
This  also  gi\  es  straight  lines,  and  often  the  entire  vapor-pressure  curve  may 
be  obtained  from  a  single  experimental  value.  The  Cox  chart  makes  use 
of  a  single  reference  substance,  such  as  water  or  mercury.  The  vapor 
pressure -temperature  data  for  the  reference  substance  are  plotted  as  a 
straight  line  with  slope  of  about  45  °.  This  may  be  accomplished  by  usinga 
logarithmic  scale  of  pressure  as  ordinate,  and  marking  the  abscissa  with  the 
proper  temperatures.  The  vapor  pressure-temperature  data  for  other 
substances  will  also  form  nearly  straight  lines  when  plotted  in  this  way,  and 
groups  of  related  organic  compounds  give  lines  that  join  in  a  common 
point.  Thus  the  normal  boiling  point  of  a  hydrocarbon,  alcohol,  etc.  will 
often  suffice  to  establish  the  complete  vapor  pressure-temperature  curve. 
Othmcr24  has  presented  valuable  correlations  of  vapor  pressure  with  latent 
heat  and  other  data. 

Volatility  and  Relative  Volatility.  The  term  volatility  is  commonly  used 
in  a  broad  sense  to  refer  to  the  ease  or  difficulty  of  evaporation  or  vaporiza¬ 
tion  of  substances.  For  use  in  distillation  it  is  desirable  to  define  the  vola¬ 
tility  of  any  substance  in  a  liquid  mixture  as  its  partial  vapor  pressure 
divided  by  its  mole  fraction  in  the  liquid: 


V\  =  p\/x\ 

For  a  pure  liquid,  xx  =  1  and  vx  =  p\,  that  is,  the  volatility  is  identical  with 
the  vapor  pressure.  For  a  substance  in  an  ideal  mixture,  the  volatility  is 
still  equal  to  the  vapor  pressure  of  the  pure  material,  since  the  equation 
may  be  rewritten  as  p\  =  V\X \  and  direct  comparison  to  Raoult’s  law  ( p\  = 
plX i)  indicates  that  v>  must  equal  pu  For  nonideal  mixtures  the  volatility 
will  usually  vary  with  composition  and  be  either  abnormally  high  or  low 
depending  on  whether  the  actual  partial  pressure  of  a  component  is  greater 
or  less  than  the  partial  pressure  calculated  by  Raoult’s  law.  The  volatility 
will  then  be  related  to  the  vapor  pressure  of  the  pure  material  through  the 
activity  coefficient: 

Vi.  =  pai 


where  71  is  defined  as  pyi/pi%i- 

Relative  volatility ,  usually  represented  by  the  symbol  a,  is  simply  one 

23  Cox,  Ind.  Eng.  Chem.,  15,  592  (1923).  Calingaert  and  Davis,  ibid.,  17,  1287  (1925). 
Walas,  Chem.  &  Met.  Eng.,  53,  No.  10,  124  (1946);  nomograph. 

24  Othmer,  Ind.  Eng.  Chem.,  34,  1072  ( 1942). 


I.  THEORY 


21 


volatility  value  divided  by  another.  The  larger  volatility  is  conventionally 
placed  in  the  numerator,  so  that  the  ratio  is  greater  than  one: 

a  =  Vi/v2 

The  relation  of  the  relative  volatility  to  vapor  and  liquid  composition  may 
he  derived  by  noting  that: 

Vi  _  pi/Xx  _  pi  x2 

Vi  pi/Xi  p2  Xi 

But  if  Dalton’s  law  applies,  pi/ pi  =  Ui/yi,  since  yi  and  y2  are  the  mole  frac¬ 
tions  of  the  two  components  in  the  vapor  phase,  so  that: 

?/i  Xi 

a  - - 

2/2  X, 

or,  for  a  binary  mixture  in  which  x2  —  1  —  Xi  and  y2  =  1  —  y, : 

y  i  ~  x  _  y/( 1  -  y) 

1—2/  x  x/(l  —  x) 

1  his  relation  is  known  as  the  relative-volatility  equation  and  forms  the  basis 
lot  much  ol  the  current  analysis  of  separation  by  distillation.  It  is  con¬ 
ventional  for  x  and  y  to  refer  to  the  more  volatile  component,  unless  other¬ 
wise  stated.  The  equation  is  often  written: 

y  x 

~  =  a  - - 

1~2/  1  —  x 

and  used  in  the  forms: 


V  = 


ax 


and 


y 


1  +  *(o  -  1)  a  -  y(a  -  1) 

U  hen  Raonlt’s  law  applies  to  the  mixture,  v,  =  p,  and  v,  =  p,,  so  that : 

«  =  Pi/ Pi 


X 


a 


-  fJriswold,  I  rut.  Eng.  Chnn.,  35,  82<i  (1943). 
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indicates  that,  when  relative  volatility  equals  unity,  no  separation  is  pos¬ 
sible,  and  that,  when  the  value  is  near  unity,  very  little  difference  in  com¬ 
position  will  exist  between  liquid  and  vapor  that  are  in  equilibrium.  The 
relative  volatility  varies  greatly  for  different  mixtures.  It  often  varies 
widely  for  different  concentrations  of  the  same  mixture.  The  expression : 


V  =  Pi.  x 
1  —  y  p->  1  —  x 


is  strictly  true  only  when  Raoult’s  law  applies,  and  the  ideal  gas  laws  hold 
for  the  vapor  mixture,  and  then  only  at  constant  temperature.  Most  dis¬ 
tillations  are  at  constant  pressure,  but  over  a  range  of  temperatures.  The 
values  of  pi  and  p2  vary  with  temperature  according  to  the  Clausius- 
Clapeyron  equation: 

d  In  p  X 
'~dT  =  llT- 


so  that  pi/p2  is  constant  over  a  range  of  temperature  only  when  the  com¬ 
pounds  concerned  have  equal  molar  heats  of  vaporization,  X.  Only  adja¬ 
cent  compounds  in  the  same  homologous  series,  or  compounds  with  iden¬ 
tical  critical  constants  would  be  expected  to  meet  all  the  above  require¬ 
ments  and  behave  as  described  by  the  equations  with  a  constant  relative- 
volatility  value.  However,  for  mixtures  of  similar  liquids  the  variation 
with  concentration  is  often  not  excessive,  and  use  of  an  average  value  of  the 
relative  volatility  is  common  practice  when  the  variation  is  not  over  10%. 
Much  distillation  is  based  on  the  assumption  of  a  constant  relative  vola¬ 
tility  for  a  particular  mixture  and  distillation  operation.  This  greatly 
simplifies  the  mathematical  analysis  and  at  the  same  time  gives  reasonable 

Relation  between  Relative  Volatility  and  Boiling  Points.  By  the  use  o 
Trouton’s  rule  and  the  approximate  Clapeyron  equation  it  is  possible  to  de¬ 
rive26  a  rough  relation  between  relative  volatility  and  the  absolute  boiling 
temperatures  of  two  similar  normal  liquids: 


log  a  =  (8.9) 


T2  -  Ti 
tvTti 


For  instance,  the  value  of  a  for  n-heptane-methylcyclohexane  mixtures 
(h.p.  98.4  and  100.8°C.,  respectively)  may  be  calculated  by  substituting 
the  corresponding  absolute  temperatures  in  the  equation : 

s  373.8  -  371.4 
log  a  =  (8.9)  371 .4 


=  0.0286 


26  Rose,  Ind.  Eng.  Chem.,  33,  596  (1941 ). 
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Thus,  «  =  1.07.  The  value  obtained  from  the  vapor  pressure  ratio  is 
1.074. 27 

For  liquid  mixtures  in  which  the  boiling  points  of  the  components  average 
about  100 °C.  the  equation  reduces  to: 


(8.9) 


T  —  T 
i  2  —  ^1 

373  +  373 


A  T 

(0.012)  AT  =  — 


If  the  average  boiling  point  is  about  0°C.,  this  becomes: 


log“  =  (8-9)2&T^  =  (a0163)Ar 


AT 

6T 


Discrepancies  must  be  expected  in  the  application  of  this  derivation,  un¬ 
less  the  assumptions  inherent  in  Trou ton’s  rule  and  the  approximate 
Clapeyron  equation  are  justified.  The  preceding  derivation  is  based  on  a 
Trouton’s  constant  of  20.5.  In  special  cases  a  different  value  of  this  con¬ 
stant  is  applicable.  Thus  Edge  worth- Johnstone28  obtained  the  relation  in 
several  forms,  one  of  which  is: 


log  a  —  5 


To  -  Ti 


or 


10 


r2  -  t, 

T2  +  Tx 


where  T  is  average  of  7 1  and  To.  Griswold29  and  Melpolder  and  Heading- 
ton30  have  proposed  still  other  equations,  and  Davis31  has  constructed  a 
nomograph  based  on  that  of  the  last  two  authors: 


log  a  =  Ai(3.99/77  +  0.00194) 

Nonideal  Mixtures.  Duhem  and  Other  Equations.  A  great  many 
mixtures  have  vapor  pressures  far  different  from  the  ideal  values  calculated 
by  Raoult’s  law.  A  variety  of  equations32  have  been  developed  to  express 

27  There  has  been  some  disagreement  over  this  value.  The  one  chosen  is  an  averaged 
quantity  from  the  data  of  Willingham,  Taylor,  Pignocco,  and  Rossini,  ./.  ReseZhZu 
Bur.  Standards,  35,  219  (1945).  '*atL 

826  n  Q4Q^01  T^uJOhnSt°jie’  f'  ImL  Petroleu™>  25,  558  (1939);  I  ml.  Eng.  Chem  35 

247.  826  (1943)  ™Ce  "  “  "■—*  on  the  **.  »"<•  •»  Griswold,  ibid’.,  ,5. 

-J  Griswold,  Ind.  Eng.  Chem.,  35,  247  (1943). 

3°  )!elp0ltr  aUd  HeadinSton> Ind-  En<J-  Chem.,  39,  763  (1947) 

Davis,  Chem.  Inds.,  61,  872  (1947). 

32  Margules,  Sitzber.  Akad.  IFm  Wien  \T„th  , , 

/ioqc\  r  rj  *  1  *  * Litfi.-Huturw.  hlasse,  Abt  lla  104  iojq 

57  IMS  0935)  cT"  72’  l23  (1#10)-  Scatcl‘“ld  Hamer,  J  4* 

Clark,  Tram.  Faradai si.  41, 718(1945)  Woh]"r  881  <l942)- 

215  (1946).  (  )‘  W°hi>  frans-  Am-  Chem.  Engrs.,  42, 
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the  relation  between  vapor  pressure  and  the  concentration  of  nonideal  mix¬ 
tures.  All  these  are  related  to  the  Duhem33  equation : 


/d  In  7A  _  /d  In  72\ 

\  dxj  /  y  v  \  /  T,  p 


in  which  and  x o  are  the  mole  fractions  in  the  liquid  and  71  and  72  the 
activity  coefficients,  which  are  related  to  the  vapor  pressure  by  the  equa¬ 
tions: 

PVi  1  VVi 

71  =  — -  and  72  =  - 

P\X\  P2X2 


In  these  p  signifies  total  gas  pressure,  pi  and  p2  are  the  vapor  pressures  ot 
the  two  pure  components,  and  yi  and  y 2  are  the  mole  fractions  in  the  vapor. 

The  most  useful  form  of  the  Duhem  equation  is  that  derived  by  Van 
Laar34  and  expressed  by  Carlson  and  Colburn,35  as: 


log  71  = 


A 


log  72 


B 


When  Xi  =  0,  log  71  =  A,  and  when  x2  =  0,  log  72  =  B-  A  and  B  are 
obtained  for  the  mixture  under  consideration  by  using  the  equations: 


A  =  log  71 


X2  lOg  72 
Xi  log  7i 


B  =  log  72  (  1  + 


Xi  log  71V 
X2  log  72/ 


Values  of  7.,  72,  and  x,  are  obtained  from  experimental  measurements. 
Thus  in  Figure  4  values  of  71  and  72  are  plotted  against  x,  01  e  mix  ui< 
of  isopropyl  ether  in  isopropyl  alcohol.  The  curves  were  calculated  by  he 
Van  Laar  equation  with  .4  =  0.42  and  B  =  0.60.  The  points  are  from  the 
experimental  data  of  Miller  and  Bliss.”  It  will  be  not^  that,  when*, 
approaches  zero,  7.  approximates  2  65  and  og  71  •  „  ‘  ,s  d  c  p 

when  x2  =  0,  72  approaches  4.0  and  log  72  =  0.60  -  B.  Carlson  a 
burn  have  indicated  the  use  of  the  Van  Laar  and  similar  equations  in  evalu¬ 
ating  and  moothing  vapor-liquid  equilibrium  data,  and  also  ,n  obtaining 
approximations  of  such  relations  by  use  of  a  limited  amount  of  experimental 

33  Duhem,  Conipt,  read.,  102,  114!)  (lSKb). 

Van  Laar,  Z.  physik.  Cheat.,  72,  723  ( 1910). 

»  Carlson  and  Colburn,  Ind.  Eng.  Cheat 34,  ^  ^ 

36  Miller  and  Bliss,  Ind.  Eng.  Cheat.,  32,  123  (1J40). 


data,  or  from  azeotropic  compositions,  total-pressure  curves,  or  boiling- 
point  curves. 

Clark37  has  proposed  the  equation: 


V 

1  -  U 


ax 


1  —  x 


+  b 


as  a  means  of  correlating  experimental  data  on  the  vapor-liquid  equilibrium 
composition  of  nonideal  mixtures.  This  has  the  advantage  that  it  is  lineal 
in  x/(\  —  x)  =  X  and  y/(]  —  y )  =  Y,  so  that  when  plotted  on  graph  papei 
the  relation  is  a  straight  line.  Clark  examined  experimental  data  for  ten 
binary  mixtures  and  found  that  values  calculated  by  the  equation  agreed 
closely  with  experiment,  except  for  very 


region,  Clark  proposes  the  reciprocal 
equation : 

1  ~  V  _  «'(1  ~  x) 
y  x 

This  is  also  linear  and  agrees  with  ex¬ 
perimental  data  in  the  region  where  the 
first  equation  fails.  The  constants  a, 
b,  a',  and  b'  must  be  determined  ex¬ 
perimentally  tor  each  given  mixture. 
The  composition  at  which  the  shift 
must  be  made  from  one  equation  to  the 
other  is  given  by  the  equation: 

x/(l  -  x)  =  VcYbJab' 


small  values  of  x  and  y.  For  this 


MOLE  FRACTION  ISOPROPYL  ETHER 


Fig.  4.  Van  Laar  equation  plot  of 
activity  coefficient  (y)  versus  mole 
traction  for  isopropyl  alcohol  —  isopropyl 
ether.35 


mnsth  h*  °1  ,nHn',dea  m,Xtures> the  vaP°r  Pressures  of  the  components 
m.  t  be  obtained  by  direct  experiments,  and  for  use  in  distillation  all  such 

results  are  best  expressed  and  correlated  as  volatilities,  relative  volatilities 
and  vapor-liquid  equilibrium  composition  diagrams 

H  ETr'L(hethtEqUmbr!T  C°mpOSition  Diagrams.  The  discussion  of 
'  ; . '  ,  R  equivalent  to  a  theoretical  plate)  in  Section  I  (see  also 

1  iquid  mixtur^to^its  h  ™  the  composition  of  1  “na“ 

\  mixtine  to  its  boiling  point  and  vapor  composition  it  uiCA 

ZSrl  composi- 

viark,  Trans.  Faraday  Soc.,  41,  718  (1945). 
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to  be  valid,  the  data  should  be  determined  by  direct  experiment,  which  is 
inherently  difficult  because  of  the  rectification  which  takes  place  in  most 
ordinary  distillations.  Special  methods  or  special  equilibrium  stills  have 
been  devised.38 

As  indicated  in  the  earlier  discussion,  in  some  cases  the  vapor-liquid 
equilibrium  curve  can  be  expressed  by  the  relative-volatility  equation 
(when  a  is  constant) : 


1 


V 

-  V 


a 


.r 


1  -  x 


Fig.  5.  Vapor-liquid  equilibrium  curves  for  ammonia- 
water  (A)  and  benzene-toluene  (B)  mixtures. 


This  gives  curves  closely  resembling  those  in  Figure  5 B. 
vapor-liquid  equilibrium  curve  changes  with  increase  in 
as  in  Figure  6.  For  any  given  pair  of  liquids  the  relat 


The  shape  of  the 
relative  volatility 
ive  volatility  gen- 


Typical  methods  for  determination  of  vapor-liquid  equilibria,  as  selected  by. D .  K 
u  n  -  m  Differential  distillation  method— Zawidzki,  Z.  physik.  Chem.,  35,  1 
y,  Static-  method — Sage  and  Lacey,  Trans.  Am  Inst.  Mimwg  M't-Jngrs 
,  U°  1 1 040 1  (S)  Method  of  recirculation  of  condensed  vapor-Othmer,  Ind.  Eng. 

35  614  ( 1,943)  (4)  Method  of  circulation  of  vapor  phase— Jones,  Schoenborn 

them  35,  bl4  (19-13 1.  W  Method  involving  simultaneous  recirculation  of 

C2 **  c*"- AmU- Ed- 18,8 

( 1940).  See  also  Figure  4  of  Chapter  III. 
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orally  decreases  with  increasing  pressure39  and  may  sometimes  he  in¬ 
creased  by  addition  of  a  new  component.  Separation  will  be  easier  but 
other  disadvantages  may  be  encountered  when  such  devices  are  used. 
Vapor— liquid  equilibrium  curves  for  nonideal  mixtures  may  take  on  almost 
any  shape.  Typical  varieties  are  indicated  in  Figure  7.  Each  of  these 
corresponds  to  a  particular  kind  of  vapor  pressure-composition  relation¬ 
ship.  Portions  of  curves  belowr  the  45°  diagonal  indicate  a  reversal  of 
normal  volatilities  so  that  the  component  with  lower  boiling  point  has  its 
normal  vapor  pressure  reduced  so  much  that  its  concentration  is  less  in  the 
vapor  than  in  the  liquid.  Curves  such  as  those  for  hydrochloric  acid-water 


MOLE  FRACTION  MVC  IN  LIQUID 


Fig.  6.  Change  in  shape  of  vapor- 
liquid  equilibrium  curve  with  increase  in 
relative  volatility. 


t  ig.  7.  Three  types  of  vapor-liquid 
equilibrium  curves:  ideal,  maximum  boil¬ 
ing  point  and  minimum  boiling  point. 39a 


and  alcohol-toluene  in  Figure  7  are  indications  of  major  deviations  from 
Kaoult  s  law,  and  involve  marked  variation  in  relative  volatility  with  con- 
centration.  It  the  deviations  are  of  such  magnitude  that  the  curves  cross 
the  45  diagonal  on  the  graph,  the  system  will  form  a  maximum  or  min- 
um  oibng-pomt  mixture.  Such  azeotropes  cannot  be  separated  into 
heir  pure  components  by  distillation  at  the  temperature  and  procure  on 
d,  ions  to  which  the  vapor-liquid  diagram  applies.  By  contrasHhe  sena 
rafon  of  nonazeotropic  mixtures  by  distillation  is  limited  only  by  the 

~  . 

and  Volante,  ibid.,  25  728  (19881  TV>n  ,  XT  '  Cummings,  Stones, 

WallrJ  T  •  I vJ 661  D  gC  and  Newton,  ibid.,  29,  718  (19871 

Craw-Hill,  New  YorCl 927,°^ 59^3  ’  /W*pfe*  °f  Chemical  Engineering.  2nd  ed„  Me- 
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effectiveness  of  apparatus  and  procedure.  Azeotropic  mixtures  are  often 
separated  by  distillation  at  a  different  pressure,  or  after  addition  of  a  third 
component  (see  Chap.  III).  The  composition  corresponding  to  the  point 
at  which  the  vapor-liquid  equilibrium  curve  crosses  the  45°  diagonal  is  the 


azeotropic  composition. 

Azeotropes.  A  mixture  of  azeotropic  composition  behaves  like  a  pure 
liquid  insofar  as  it  distils  without  change  in  composition  or  boiling  point,  as 
long  as  the  pressure  is  constant.  Change  in  pressure  does  change  both  the 
boiling  point  and  the  composition  of  the  azeotrope  as  well  as  the  shape  of 
the  vapor-liquid  equilibrium  curve.  Such  changes  are  almost  always  of  a 
minor  nature  unless  the  pressure  change  is  considerable.  Thus,  a  solution 
of  hydrogen  chloride  in  water  containing  20.2%  by  weight  of  hydrogen 
chloride  boils  at  110°C.  at  760-nun.  pressure  to  give  a  distillate  of  the  same 
composition  (Fig.  7).  On  heating  a  mixture  with  any  other  composition 
both  components  distil  over  in  varying  amounts  until  the  still  contains  the 
azeotropic  mixture,  which  then  distils  at  constant  temperature.  All  mix¬ 
tures  containing  less  than  20.2%  hydrogen  chloride  may  be  looked  upon  as 
being  composed  of  water  and  the  azeotrope,  water  being  the  more  volatile 
component.  Mixtures  of  more  than  20.2%  hydrogen  chloride  may  sim¬ 
ilarly  be  treated  as  composed  of  hydrogen  chloride  and  the  azeotrope, 
hydrogen  chloride  being  the  more  volatile  component.  As  with  similar 
systems  not  involving  azeotropes,  distillation,  it  sufficiently  effective,  Je¬ 
suits  in  separation  into  the  components  water  and  azeotrope  for  systems 
with  less  than  20.2%  hydrogen  chloride,  and  into  hydrogen  chloride  and 
azeotrope  for  those  with  more  than  20.2%.  The  water -hydrogen  chloride 
system  is  typical  of  those  forming  maximum  boiling-point  mixtures. 
Identical  statements  apply  to  systems  forming  minimum  boiling-point 
mixtures  except  that  in  these  the  azeotrope  is  more  volatile  than  either  com¬ 
ponent.  Thus  all  toluene-alcohol  mixtures  with  less  than  41%  toluene  can 
be  separated  into  azeotrope  and  alcohol  and  those  with  more  than  41% 


toluene  into  azeotrope  and  toluene. 

The  outstanding  characteristics  of  binary  azeotropic  systems  may  be 

summarized  as  follows:  ,,  ,ro 

(7)  The  vapor-liquid  equilibrium  curves  of  such  systems  cross  the  4o 

dl^!vThe  individual  components  cannot  be  separated  from  one  another 
by  sufficiently  refined  or  repeated  distillation,  as  is  the  case  with  nonazeo- 


tT<(S)C  Any^azeotropic  mixture  may  be  considered  to  be  composed  of  the 
azeotrope  and  a  single  component.  Except  that  one  component  .s  an 
azeotrope  such  systems  behave  like  nonideal,  nonazeotrop.c  systems  "hen 
subjected' to  distillation.  Because  of  the  last  circumstance,  further  d,s- 
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cussion  on  the  theory  of  distillation  in  this  chapter  will  be  confined  to  noil- 
azeotropic  systems.  It  should,  however,  be  mentioned  that  difficult 
separations  by  distillation  are  frequently  made  easier  by  the  purposeful 
addition  of  a  new  component  that  forms  an  azeotrope  with  a  component 
already  present.  Such  azeotropic  distillation  is  discussed  in  detail  in 
Chapter  III. 


C.  PARTLY  MISCIBLE 

These  systems  exist  in  either  one  or  two  liquid  layers  according  to 
the  composition  of  the  system  as  a  whole.  If  only  one  liquid  phase  is 
present,  each  component  will  affect  the  vapor  pressure  of  the  other,  and  the 
mixture  will  exhibit  vapor  pressures,  boiling  points,  and  vapor  compositions 
similar  to  a  completely  miscible  system.  A  distillate  may  or  may  not 
separate  into  two  layers,  depending  upon  its  percentage  composition  and 
temperature.  If  two  liquid  layers  are  present  in  any  mixture,  their  com¬ 
positions  must  always  be  such  as  to  produce  the  same  partial  vapor  pressure 
of  any  given  component  from  both  phases.  Any  component  for  which  this 
was  not  true  would  of  course  continue  to  evaporate  from  the  phase  having 
the  higher  pressure,  and  condense  in  the  phase  having  the  lower  pressure, 
until  the  one  phase  disappeared  or  the  two  pressures  did  become  equal. 
The  partial  vapor  pressure  of  each  component  over  such  two-phase  mix¬ 
tures  remains  unchanged  for  various  over-all  compositions,  as  long  as  both 
liquid  phases  remain  present.  Each  of  the  latter  also  remains  constant  in 
composition,  so  that  change  in  the  over-all  composition  results  only  in  in¬ 
creasing  the  proportion  of  one  or  another  of  the  liquid  phases.  As  a  result, 
such  mixtures  behave  like  totally  immiscible  systems,  in  that,  at  a  fixed 
temperature,  the  vapor  and  distillate  compositions  remain  constant  regard¬ 
less  of  liquid  composition,  as  long  as  both  liquid  phases  remain. 

2.  Multicomponent  Systems 


A.  IMMISCIBLE  AND  PARTLY  MISCIBLE 

There  has  been  considerable  interest  in  the  steam  distillation  of  liquid 
mixtures  that  are  themselves  partly  or  completely  immiscible  with  water 
If  there  is  complete  immiscibility  the  partial  vapor  pressure  of  the  water  is 
determined  by  its  temperature,  and  the  partial  vapor  pressures  of  the  com¬ 
ponents  in  the  other  phase  are  determined  by  their  temperature  and  com¬ 
position  as  if  they  were  present  without  the  water  layer. 

DartlvmilihlPtltial  miSTmty’  the  relations  are  analogous  to  those  of 
pa,  Uv  muK.b  e  bmary  mixtures.  The  interest  in  such  systems  has  been  in 

vtnor  m-e  ^  PT“  °f  *hc  water  effects  a  marked  reduction  in  the 
P  "eSSUre  01  one  of  scvc,'il1  stances  of  nearly  identical  boiling  point 
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I  he  \  apor  pressure  ot  o-cresol  is  thus  affected  and  the  compound  may  be 
separated  easily  from  its  para  isomer  by  steam  distillation,  although  the 
boiling  points  are  191.5  and  202.5°,  respectively.  The  principles  involved 
are  similar  to  those  discussed  in  connection  with  extractive  distillation 
(Chap.  III). 


B.  COMPLETELY  MISCIBLE 

When  Raoult’s  law  is  applicable,  it  is  still  true  that: 

pi  =  piXi  and  yi/y2  =  a(zi/z2) 

The  vapor  pressure  -  composition  relations  can  no  longer  be  shown  by 
graphs  with  simple  co-ordinate  systems.  For  ternary  mixtures  it  is 
possible  to  use  families  of  curves,  triangular  co-ordinate  systems,  or  three 
dimensional  structures,  but  this  is  rarely  worthwhile.  Special  approaches 
are  usually  developed  for  such  situations  (Chap.  III).  The  relation: 

y  =  Kx 

in  which  K  is  called  the  equilibrium  ratio  or  equilibrium  constant ,  has  been 
valuable  in  multicomponent  calculations  for  petroleum  distillation.  The 
literature  contains  many  references  giving  values  of  equilibrium  constants 
and  methods  of  obtaining  them.40 

HI.  THEORETICAL  PLATES,  REFLUX  RATIO,  AND  COLUMN 

COMPOSITIONS 


1.  Plate  Efficiency 

In  Section  I  a  theoretical  plate  was  defined  as  one  that  produces  a  peifect 
simple  distillation,  that  is,  the  same  difference  in  composition  as  exists  at 
equilibrium  between  a  liquid  mixture  and  its  vapor.  A  general  description 
was  given  of  the  derivation  of  the  idea  from  boiling  point -composition 
curves,  and  the  comparison  of  columns  in  terms  of  the  number  of  theoretical 
plates  was  indicated.  In  a  plate  column,  a  theoretical  plate  is  one  in 
which  the  vapor  and  liquid  leaving  the  plate  are  of  such  composition  as  to  be 
in  equilibrium  with  one  another.  Thus  each  plate  should  theoretically  give 
a  perfect  simple  distillation.  The  separation  on  actual  plates  is  usually 

*>  Gamson  and  Watson,  Natl.  Petroleum  News,  36,  RC23  (1944).  Hadden  7W. 
Am  Inst.  Chem.  Engrs.,  44,  37,  135  (1948);  review,  nomographs.  Hanson  and  G  G. 
Brown,  hul.  Eng.  Che,,,.  37,  821  (MM*),  and  earlier  articles  by  “-workers. 

Miller  and  Harley,  ibid.,  36,  1018  (1944).  Othmer,  ibid.,  36,  bb9  (1944).  Reamer, 
Korpi,  Sage,  and  Lacey,  ibid.,  39,  201(1947),  and ^  earlier  article .by “d^ 
workers.  Smith  ami  Wilson,  Trane.  .Im.  Imt.  Che,,,.  h„v...  42,  927  (13  6  h  r  al* 
such  standard  chemical  engineering  texts  as  those  in  the  general  reference  list  on  p.  1  -3. 
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somewhat  less,  due  to  imperfect  mixing,  foaming  tendencies,  entrainment, 
and  the  limitations  of  mechanical  design  for  various  column  diameters. 
Numerous  types  of  plates  have  been  devised  which  vary  widely  in  plate 
efficiency.  The  latter  is  a  comparison  of  the  actual  separation  with  the 


theoretical,  and  may  be  expressed  in  two  ways. 

Over-all  plate  efficiency  is  a  simple  percentage  relation.  Thus  if  a  column 
with  eight  actual  plates  gives  separation  equivalent  to  only  six  theoretical 
plates,  the  plate  efficiency  is  75%.  The  efficiency  ot  an  individual  plate  is 
usually  defined  by  the  Murphree  plate  efficiency:41 


y_i — 100. 

Vn  ~  Vn-\ 


(1) 


in  which  y*n  is  composition  of  the  vapor  in  equilibrium  with  liquid  on  plate  n, 
yn  is  actual  composition  of  vapor  from  plate  n,  and  yn-i  is  actual  composi¬ 
tion  of  vapor  from  the  plate  below.  The  two  kinds  of  plate  efficiency  are 
not  identical,  since  the  first  represents  an  average  value,  but  they  usually 
do  not  differ  greatly.  It  is  obvious  that  plate  efficiency  is  of  great  impor¬ 
tance  in  industrial  design,  and  many  studies  of  it  have  been  published.42 


2.  Theoretical  Plates 


Standards  for  packed  columns  have  not  been  obtained  so  directly.  Vari¬ 
ous  shapes  and  types  of  packing  are  used,  as  well  as  various  sizes  of  col  imns, 
and  by  trial  and  error  the  best  combination  of  these  for  various  scales  of 
operation  has  been  found.  These  packed  columns  and  many  plate  columns 
as  well  are  commonly  evaluated  in  terms  of  the  height  equivalent  to  a  theo¬ 
retical  plate  (H.E.T.P.)43  or  by  the  total  number  of  theoretical  plates  in  a 
gi\en  column.  Since  the  change  in  composition  in  a  packed  column  is 
gradual  and  continuous  from  top  to  bottom,  whereas  the  concept  of  plates 
involves  stepwise  change  from  one  plate  to  the  next,  the  use  of  the  theo¬ 
retical-plate  standard  is  basically  unsound,  and  other  standards  avoiding 
this  anomaly  have  been  worked  out  (Sect,  IV).  It,  is  quite  probable  that 
substitution  of  a  fundamental  diffusion  picture  for  the  theoretical-plate 


,  ,y^lker’  McAdams-  and  Gilliland,  Principles  of  Chemical  Engineerinq,  3rd 

ed.,  McGraw-K111  New  Y°rk,  1937,  p.  566.  Murphree,  Ind.  Eng.  Chem.,  17,  747  (1925). 

Robinson  and  Gilhland,  Elements  of  Fractional  Distillation,  3rd  ed.,  McGraw-Hill 
.  ew  \ork,  1939,  Chapter  19.  Some  recent  articles:  Geddes,  Trans.  Am  Inst  Chen, 
Engrs.,  42,  79  (1946).  Griswold  and  Stewart,  Ind.  Eng.  Chem.,  39,  753  (1947)  Nord 
Trans.  Am.  InsLChem.  Engrs.,  42,  863  (1946).  O’Connell,  ibid.,  42,  741  (1946)  Several 

3  (1944T  Pl  Fr™h.S*e'\worth  no,m<':  MariHer,  Hull,  assoc,  chim.,  59,  445  (1942)-  61 
0943)  ■  •’  **’  l82(1M1>-  ^  121  <>«»)•  Savarit,  60.  360 

43  Peters,  Ind.  Eng.  Chem,,  14,  476  (1922). 
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concept  will  eventually  result  in  development  of  an  improved  and  compre¬ 
hensive  procedure  for  evaluating  fractionating  columns.  However,  the 
majority  of  existing  experimental  data  and  literature  applicable  to  the  dis- 
t  illation  of  organic  materials  is  in  terms  of  theoretical  plates.  This  chapt er 
t  herefore  deals  with  this  very  useful  and  convenient  standard. 

The  equations  and  procedures  developed  here  are  useful  for  calculating 
the  number  of  theoretical  plates  in  fractionating  columns,  and  also  for  pre¬ 
dicting  distillate  or  product  composition  when  still  composition,  number  of 
plates,  reflux  ratio,  and  relative  volatility  are  fixed.  In  general,  the  same 
methods  may  be  used  to  estimate  any  one  of  these  variables  when  the  other 
four  are  known.  The  detailed  discussion  in  this  chapter  applies  to  binary 
mixtures.  Multicomponent  mixtures  involve  the  same  principles,  but 
application  is  often  complicated  and  laborious,  although  new  lines  of 
approach  are  reducing  these  difficulties.44  However,  the  methods  for  bi¬ 
nary  mixtures  indicate  the  general  nature  of  the  effect  of  reflux  ratio,  number 
of  theoretical  plates,  and  relative  volatility  in  the  distillation  of  multicom¬ 
ponent  mixtures.  The  limitations  and  restrictions  of  the  various  methods 
are  compared  in  the  summary  at  the  end  of  this  chapter. 


A.  GENERAL  PROCEDURE  FOR  DETERMINING  NUMBER  OF  THEORETICAL 
PLATES  AND  HEIGHT  EQUIVALENT  TO  THEORETICAL  PLATE 

The  most  common  procedure  is  that  applied  t  o  ordinary  batch-distillation 
apparatus  operating  at  total  reflux.  The  column  to  be  evaluated  is  tested 
with  a  suitable  binary  mixture  for  which  t  he  vapor-liquid  equilibrium  curve 
is  known  (page  25  and  footnote  38).  The  necessary  experimental  data  are 
the  compositions  at  the  bottom  and  top  of  the  column  after  it  is  operating 
smoothly  and  compositions  are  no  longer  changing.  For  the  usual  batch- 
distillation  apparatus  having  a  total  condenser,  samples  from  the  still  and 
from  the  condenser  or  the  distillate  take-off  line  are  used.  Because  of  the 
rectification  that  occurs  in  a  partial  condenser,  top  samples  from  such 
apparatus  must  be  taken  from  the  vapor  at  the  top  ot  the  column.  1  lu 
subsequent  discussion  assumes  a  total  condenser  is  used. 

When  the  two  necessary  compositions  have  been  obtained,  the  numbei  <>1 
theoretical  plates  is  stepped  off  on  the  vapor-liquid  equilibrium  diagram 

“  Edmister,  Trans.  Am.  Inst.  Chem.  Engrs.,  42,  15  (1940).  Gilliland  and  Reed,  Ind, 
Eng.  Chem.,  34,  551  (1942).  Hogan,  ibid.  33,  1132  (1941).  Hummel,  Trans.  Am.  Inst 
Chem.  Engrs.,  40,  445  (1944).  Jenny,  ibid.,  35,  035  (1939).  Jenny  and  Cicalas^  Ind 
Eng.  Chem.,  37,  950  (1945).  Karnofsky,  ibid  34,  839  (1942)  See  dsc ,  G.  G^Brown 

and  Holcomb,  Petroleum  Engr.,  11,  No.  13,  2/  (1940),  12,  .  o.  ,  •(  •  ’ 

Trans.  Am.  Inst.  Chem.  Engrs.,  37,  805  (1941).  Gilliland  Ind.  Eng  Chem  32  1  01 
(1940).  Scheibel  and  Montross,  ibid.,  38,  208  (1946).  Underwood,  J.  Inst,  Petroleum, 

31,  111  (1945);  32,598,014(1940). 
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(page  37  and  Fig.  9)  or  is  calculated  by  the  Fenske  equation  (equation 
3).  The  H.E.T.P.  is  then  calculated  by  the  formula: 

H.E.T.P.  =  Z/n  (2) 


in  which  Z  is  the  height  of  the  packed  section  (in  centimeters  or  inches) 
and  n  is  the  number  of  theoretical  plates  in  the  column  itself.  The  divisor 
n  -  l  is  sometimes  used  when  n  signifies  the  total  number  of  theoretical 
plates  in  the  column  and  still  taken  together.  The  reasoning  and  equations 
are  applicable  between  any  two  points  in  the  column,  provided  proper  com¬ 
positions  and  the  proper  divisor  are  used. 

The  determination  of  number  of  plates  and  H.E.T.P.  at  partial  reflux  is  a 
more  complex  matter.  In  both  continuous  and  batch  distillation  at  partial 
reflux,  a  material-balance  study  shows  that  the  composition  change  from 
plate  to  plate  is  less  than  at  total  reflux  because  of  the  unequal  quantities 
of  liquid  and  vapor  entering  and  leaving  a  plate  during  any  given  time 
interval.  As  a  result,  different  stepping  off  procedure  or  different  equations 
must  be  used  in  estimating  the  number  of  theoretical  plates  at  partial  reflux. 
These  methods  (page  45  et  seq.)  take  into  account  the  effect  of  unequal 
rates  of  flow  of  liquid  and  vapor  on  the  material  balance  for  a  plate  or  sec¬ 
tion  of  packed  column,  as  well  as  further  complicating  factors  such  as  the 
gradual  change  in  composition  characteristic  of  batch  distillation  at  partial 
reflux  (page  40). 

Actual  distillations  are  always  carried  out  at  partial  reflux  except  when 


distillate  is  removed  intermittently  after  periods  of  operation  at  total  re¬ 
flux. 4o  Even  this  is  probably  equivalent  to  operation  at  partial  reflux  un¬ 
less  distillate  removal  is  at  widely  spaced  intervals.  However,  it  has  been 
generally  assumed  that  the  number  of  theoretical  plates  of  any  column  at 
total  leflux  is  indicative  of  the  separation  that  will  be  obtained  in  actual 
distillation  at  partial  reflux.  The  experimental  procedure  and  calculations 
for  total  reflux  are  simpler,  and  it  is  possible  to  bring  the  various  parts  of  the 
column  into  equilibrium  in  a  more  reproducible  fashion.  In  other  words, 
the  total-reflux  method  of  determining  the  number  of  theoretical  plates 
furnishes  a  convenient  way  of  comparing  columns,  even  though  the  actual 
numerical  results  may  not  hold  true  at  finite  reflux. 

Apparatus  for  Obtaining  Distillate  and  Still  Samples.  Test  samples  of 
dis  l  ate  may  be  taken  from  the  condenser  in  the  same  manner  as  during  a 
distillation,  except  that  dead  space  or  holdup  in  the  sampling  line  must  be  a 
minimum  It  is  time  that  such  holdup  can  be  flushed  out  before  a  sample 

,C°.  ec4ed’.bUt  th,f  1S  the  0fiuivalent  of  operation  at  finite  reflux,  whereas 
total  reflux  is  usually-desired  and  assumed. 

For  the  still  samples,  the  fractionating  column  to  be  tested  must  be 
equipped  with  a  device  for  removing  samples  of  the  still  liquid  for  analvsis 

■'  Fenske,  m  Science  ofPHroU am,  Oxford  Univ.  Press,  Mew  York,  1938,  pp.  ,659-, 600. 
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without  interrupting  the  distillation  and  without  evaporation  of  the  more 
\  olatile  component  from  the  sample.  It  may  be  cooled  by  a  small  con- 


c  •  D 

Fig.  8.  Still-sampling  arrangements:  (A)  Fenske.46"  (B) 

(C)  Rose.47  (D)  Prevost,48 


Morton . 46 


48«  Fenske,  in  Science  of  Petroleum,  Oxford  Univ.  Press,  New  York,  1938,  p.  1648, 

Fi«  Morton,  Lavatory  Technique  in  Organic  Chemistry,  McGraw-Hill,  New  York,  1938. 
p.  87,  Fig.  35. 

47  A.  Rose,  Ind.  Eng.  Chem.,  28,  1210  (1936),  Fig.  1. 

48  Prevost,  M.  S.  Thesis,  Pennsylvania  State  College,  l.»4S. 
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denser  on  the  sample  line,  or  by  immersing  the  sample  container  in  a  cooling 
bath  before  opening  it  to  the  air.  The  sample  line  should  be  of  as  small 
volume  as  possible.  It  should  be  flushed  with  the  still  liquid  just  before  the 
sample  is  taken.  One  practice  is  to  incorporate  a  sampling  line  and  valve 
draining  from  the  lowest  point  of  the  still  (Tig-  8A).  For  ordinary  glass 
flasks,  a  siphon  arrangement  may  be  provided  (Fig.  8B-D)  it  there  is 
an  extra  opening  at  the  top  of  the  flask.  1  he  use  of  a  pipet  to  remove 
samples  from  the  boiling  still  liquid  is  not  recommended.  In  some  cases  a 
small  portion  of  the  reflux  liquid  leaving  the  bottom  of  the  column  can  be 
deflected  into  a  sample  container.  Such  liquid  may  be  assumed  to  differ  in 
composition  by  one  theoretical  plate  from  that  in  the  still  itself ,  but  error 
may  be  introduced  by  this  assumption.49  Few  experimental  data  are  avail¬ 
able  as  to  its  validity. 

Choice  of  Test  Mixture  and  Its  Initial  Composition.  The  ideal  choice 
for  a  test  mixture  for  H.E.T.P.  determinations  should  come  as  close  as 
possible  to  the  following  requirements: 


(1)  The  vapor-liquid  equilibrium  diagram  should  be  based  on  well  established 
data.  The  data  for  commonly  used  mixtures  are  given  in  Tables  I  to  IV. 

{2)  Purification  of  the  individual  components  should  be  simple  and  certain,  and 
the  mixture  should  be  such  that  quick  and  accurate  analyses  can  be  made  on  small 
samples.  Final  purification  should  be  by  distillation  at  high  reflux  through  the 
column  to  be  tested,  or  one  with  the  same  or  a  greater  number  of  theoretical  plates. 

(3)  The  mixture  must  not  seriously  corrode  the  packing  or  other  parts  of  the 
apparatus. 

(4)  The  mixture  should  be  neither  too  easy  nor  too  difficult  to  separate  in  the 
column  to  be  tested.  (See  discussion  of  Tables  I  to  IV,  and  the  following  discussion 
on  choice  of  initial  composition.) 

(5)  The  components  of  the  mixture  should  be  similar  chemically  to  those  for 
which  the  column  is  to  be  used,  and  in  the  same  general  range  of  density,  surface 
tension,  and  viscosity. 


The  initial  composition  of  the  test  mixture  must  be  such  that  the  sample 
tiom  the  condenser  contains  an  appreciable  amount  of  the  higher-boiling 
component.  This  is  necessary  because  the  change  in  composition  per 
theoretical  plate  becomes  very  small  when  the  mixture  is  nearly  pure  in  one 
or  the  other  component.  Thus,  if  a  column  with  five  theoretical  plates  is 
o  be  tested  with  benzene-toluene  mixture,  the  initial  composition  should 
lie  near  20  mole  per  cent  benzene  rather  than  50  mole  per  cent.  The  former 
mixture  will  give  a  condenser  sample  with  about  89  mole  per  cent  benzene  if 
there  are  four  plates,  95  mole  per  cent  if  there  are  five  plates,  and  98  mole 
p  cent  tor  six  plates.  l'he  corresponding  compositions  for  the  50  mole  per 
ln',lal  test  mixture  would  be  about  97,  99,  and  99+  mole  per  cent. 

"  0th'"er'  C*"»-  35'  015  <  "M3).  S  ted  man,  Can.  J.  Research,  5,  458  ( 1!«  I 
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In  the  fiist  case  an  uncertainty  of  1  cq  in  analysis  would  not  be  serious,  but 
in  tbe  second  case  such  an  uncertainty  would  make  it  impossible  to  do  more 
than  conclude  that  there  must  be  four  or  more  plates. 

Much  more  serious  is  any  uncertainty  or  inaccuracy  in  the  position  of  the 
equilibrium  curve  itself.  This  affects  the  composition  change  of  each  plate 
or  step  and  produces  a  cumulative  error  of  increasing  magnitude  at  the  ex¬ 
tremes  of  composition  where  the  equilibrium  line  and  the  45°  line  come 
close  together  (Fig.  9).  Since  even  a  5  mole  per  cent  benzene-toluene 
mixture  will  give  95  mole  per  cent  benzene  in  the  condenser  of  a  seven-  or 
eight-plate  column,  other  test  mixtures  (Tables  I-IV)  are  generally  used 
for  all  except  the  shortest  columns.  It  is  of  course  possible  to  use  any  mix¬ 
ture  that  approximates  the  general  requirements  already  mentioned. 


B.  OPERATION  AT  TOTAL  REFLUX 

(1)  Test  Procedure.  The  column  to  be  tested  should  be  cleaned  and 
dried  (page  309)  and  then  charged  with  enough  test  mixture  to  fill  at  least 
half  the  still.  For  packed  columns  heat  should  be  applied  until  flooding 
occurs  throughout  the  column,  and  the  heat  input  then  reduced  gradually 
to  that  desired  for  the  test.  If  the  packed  section  is  equipped  with  heaters, 
these  should  be  adjusted  so  that  the  column  is  operating  adiabatically  and 
the  column  then  flooded  again.  It  is  important  that  the  packing  be  kept 
wet  when  heat  input  is  reduced  after  flooding,  or  the  beneficial  effect  will  be 
lost.  The  initial  flooding  generally  makes  subsequent  behavior  more  re¬ 
producible,  and  also  reduces  the  H.F.T.P.  H.E.rl  .P.  varies  vith  through- 
put  so  that  this  must  be  kept  at  the  chosen  value  throughout  the  test. 

Operation  at  total  reflux  should  continue  until  all  parts  of  the  apparatus 
are  operating  smoothly.  This  may  best  be  tested  by  taking  small  samples 
from  the  condenser  at  intervals,  until  no  further  change  in  composition 
occurs.  All  samples  should  be  withdrawn  slowly  and  should  be  less  than 
1%  of  the  charge,  in  order  to  minimize  disturbances  in  column  concentra¬ 
tions  and  reduce  the  intervals  between  samples.  Small  columns  with  tew 
plates  or  open  packing  will  return  to  a  steady  state  quickly  after  removal  ot 
a  sample,  but  large  columns,  and  those  with  twenty  or  more  plates  may  re¬ 
quire  an  hour  or  more.  When  the  steady  state  is  established,  samp  es 
should  be  taken  from  both  still  and  condenser,  and  used  for  analysis  and  a 
computation  of  the  number  of  plates.  It  is  preferable  to  repeat  the  removal 
of  samples  several  times,  allowing  a  suitable  interval  to  elapse  between  each 
sampling  operation  to  reestablish  the  steady  state,  and  continuing  uni 
cheek  results  are  obtained.  A  thorough  test  should  include  a  complete 
shutdown  and  repetition  of  the  experiment  from  the  beginning.  A  tes 
on  a  new  packing  should  include  emptying  and  repacking  ot  the  column  and 

repeating  the  test. 
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(2)  Determination  of  Plates  from  Vapor-Liquid  Equilibrium  Diagrams. 

When  the  compositions  of  distillate  and  still  are  known,  the  vapor-liquid 
composition  diagram  may  be  used  to  step  off  the  number  of  theoretical 
plates.  Such  a  stepping-off  process  was  illustrated  briefly  in  Section  1 
with  the  use  of  a  boiling  point— composition  diagram.  It  is  more  common 
to  use  a  vapor— liquid  composition  diagram,  since  boiling  points  aie  not 


F lg'  9-  Graphic  meth<>d  of  obtaining  number  of  theoretical  plates. 


essential  to  the  determination  of  the  number  of  theoretical  plates.  The 
curves  should  be  plotted  on  24-in.  or  36-in.  square  sheets  of  graph  paper  in 
order  to  reduce  errors  in  plotting  and  reading.  P 

i..Ilvefthein'i0ff-Pr0CeSS  f°r  a  tyPiCa‘  VttP,jMi<-luid  equilibrium  diagram 
in  thetet  ,s  r  T“"‘g-  (  *'  9)  =  If  the  ilc,ual  stil1  composition 

composition  i,”  If  '.n'Tl  ‘'"'''""K  the  bottom  of  the  column  would  be  of 

Ulls  vaP°r  wm  condensed  to  complete  a  single, 


38 


A.  AND  E.  ROSE 


pei feet,  simple  distillation,  the  distillate  would  also  have  the  composition  ys. 
On  the  diagram,  this  value  is  now  transposed  to  the  liquid-composition  co¬ 
ordinate  Xi,  which  equals  ys,  by  drawing  the  line  from  ys  across  to  the  45° 
line  and  down  at  right  angles  to  X\.  This  liquid  fraction  in  the  lowest 
section  of  the  column  will  be  in  equilibrium  with  vapor  of  composition  ylt 
and  if  the  vapor  were  condensed  it  also  would  have  the  same  composition  £2. 
The  point  £2  is  obtained  on  the  diagram  as  before,  and  the  process  repeated 
as  many  times  as  necessary  to  obtain  a  point  y4,  representing  distillate  as 
pure  or  purer  than  that  actually  obtained,  yn,  in  the  experimental  test  of  the 
column.  It  is  of  course  not  necessary  to  obtain  the  intermediate  points  ys, 
£1,  y  1,  etc.,  since  the  construction  (or  even  the  inspection)  of  the  points  k,  ki, 
k2}  etc.  gives  the  desired  end  result.  In  this  example  the  system  has  the 
equivalent  of  between  four  and  five  theoretical  plates,  that  is,  n  =  4,  be¬ 
cause  four  steps  are  required  to  go  from  still  composition  to  condenser  com¬ 
position.  Since  the  first  distillation  occurs  between  the  still  and  the  base  of 
the  fractionating  column,  the  latter  itself  has  only  three  theoretical  plates. 
If  the  height  of  the  packed  section  is  12  inches,  the  H.E.T.P.  is  approx¬ 
imately  4  inches. 

It  is  equally  correct  to  carry  out  the  stepwise  construction  in  the  reverse 
order  by  starting  with  the  actual  distillate  composition  and  working  toward 
the  still  composition. 

(3)  Calculation  of  Plates  by  Fenske  Equation.  The  Fenske50  equation 
(also  derived  by  Underwood51) : 


Vn 

1  -  Un 


(3) 


may  also  be  used  to  calculate  the  number  of  plates  when  certain  test  mix 
t ures  are  used.  It  is  necessary  that  the  vapor-liquid  equilibrium  follow  the 
relative-volatility  relation: 


y 

1  -  v 


=  a 


(4) 


and  that  the  relative  volatility  be  at  least  approximately  constant  over  the 
range  of  concentrations  and  temperatures  involved.  An  average  value  of  a 
is  then  used,  and  when  a  does  not  vary  more  than  10%,  reasonable  results 
may  be  expected.  Methylcyclohexane-n-heptane,  benzene-toluene  and 
benzene-ethylene  dichloride  mixtures  meet  the  requirements.5 

In  the  Fenske  equation  y„  is  the  mole  fraction  of  the  more  volatile  com- 

«  Fenske,  hut.  Eng.  Chem.,  24,  482  (1932). 

51  r Ini ><)(1  Trans  / nst.  Chem.  Enyrs.  London,  10,112(1  Joz;. 

„  A  “^ISn  Of  the  Fenske  equation  ha,  been  published  by  Melpolder  an, I 
Headington,  hid.  Eng.  Chem.,  39,  703  (1947). 
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ponent  in  the  distillate  of  a  column  operating  at  total  reflux  with  a  total 
condenser  and  with  n  theoretical  plates  and  still  composition  x„. 

For  purposes  of  calculation  the  equation  may  be  written. 


n  = 


log  « 


-  1 


(5) 


For  example,  in  Figure  9,  where  it  is  assumed  that  yn  =  0.9,  xs  — 
and  a  =  2.45: 


(0.954)  -  (9.193  -  10) 
0.389 


1  =  3.5 


0.135, 


(6) 


This  is  of  course  the  same  value  that  was  obtained  by  the  graphic  procedure. 

The  derivation  of  the  Fenske  equation  is  merely  the  analytical  equivalent 
of  the  graphic  operations  previously  described  for  stepping  off  the  number 
of  theoretical  plates.  For  the  purpose  of  the  derivation,  the  relative- 
volatility  relation  may  be  written: 


Vs 


1  -  Vs 


=  a 


•  1  —  Xs 


(7) 


r — wv  vai  i 

(A)  and  packed  (B)  columns  at  total  reflux. 


various  points  in  plate 
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1  ho  quantity  yx  (1  ys)  roprosonts  the  molar  ratio  of  the  more  volatile  and 
less  volatile  components  after  liquid  with  molar  ratio  xj{  1  -  xs)  is  sub¬ 
jected  to  a  single,  perfect,  simple  distillation.  This  corresponds  closely  to 
the  degree  of  separation  between  the  still  pot  and  the  vapor  entering  the 
base  of  the  column ;  that  is,  when  still  composition  is  xs,  the  vapor  entering 
the  bottom  of  the  column  has  the  composition  ys  (Fig.'  10A) .  If  the  column 
is  assumed  to  be  of  the  plate  type,  and  if  this  vapor  is  completely  condensed 
on  the  lowest  plate  of  the  column,  the  resulting  liquid  will  be  in  equilibrium 
with  new  vapor  having  composition  yif  where: 


2A  _  y» 

1  -  2/i  1  -  ys 


=  «2  (8) 

1  —  xs 

Complete  condensation  of  this  new  vapor  on  the  second  plate  from  the  bot¬ 
tom  would  give  a  liquid  of  composition  yv.  Repetition  of  this  reasoning 
shows  that  the  new  vapor  rising  from  the  second  plate  would  have  the 
molar  ratio: 

2/2  , 


=  a 3 


1  —  2/2  1  -  xs 

and,  in  general,  the  vapor  from  the  nth  plate  would  have  molar  ratio: 


(9) 


=  a«+l  - — -  (10) 

1  -  Vn  1  —  X, 

With  a  total  condenser  the  distillate  composition  would  also  be  yn.  Thus, 
if  a  column  has  n  theoretical  plates,  a  test  under  total  reflux  will  give  dis¬ 
tillate  composition  yn  when  still  composition  is  x„.  Conversely,  if  these 
compositions  are  obtained  in  a  test,  the  column  must  have  n  theoretical 

plates. 

A  somewhat  similar  situation  exists  in  a  packed  column,  and  is  i  epr  t  - 
sented  approximately  in  Figure  10B.  The  end  result  is  the  same  but  the 
gradual  change  in  composition  requires  a  somewhat  different  analysis.  Re¬ 
definition,  the  height  of  column  that  produces  a  separation  y,  to  2/1  is  the 
H.E.T.P.,  so  that,  at  a  distance  equivalent  to  one  H.E.T.P.  unit  above  the 
base  of  the  column,  the  vapor  composition  would  be  that  corresponding  to 
the  molar  ratio  W(1  ~  2/0-  Repetition  of  this  reasoning  shows  that,  at 
points  distant  from  the  base  of  the  column  by  two,  three,  four,  etc.  times 
the  H  E  T  P  the  vapor  composition  would  correspond  to  molar  ratios  o 
y2/(  1  -  y2),  W(  1  -  2/a),  Ml  -  2/4),  etc.,  and  these  are  related  as  follows: 

=  a_lL_  =  (U) 

1—2/2  1  —  2/1  1  •r> 

2/3  2/2 

—  —  =  Oi  . 

1  —  2/3  1  ""  2/2 


(12) 
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V  4 

1  -  2/4 


a:-’ 


Xs 


1  —  Xs 


(13) 


At  the  distance  n  H.E.T.P.  units  the  vapor  and  distillate  composition  (yn) 
would  correspond  to  equation  (3).  Thus  again,  if  a  packed  column  has  the 
equivalent  of  n  theoretical  plates,  a  test  under  total  reflux  will  give  product 
composition  yn  when  the  still  composition  is  xs. 

There  has  been  some  confusion  regarding  the  use  of  equation  (3)  and  ot 
the  equations: 


Vn  Xi 

-  =  CC  - 

1  -  Vn  1  ~  XX 


(14) 


n  —  1 


X\ 


1  —  X\ 


(15) 


Equation  (14)  applies  to  t he  separation  in  the  column  itself,  or  any  section 
that  has  n  plates,  while  equation  (3)  with  the  exponent  n  +  1  applies  to  a 
column  and  still-pot  system  in  which  additional  separation  equivalent  to 
one  plate  is  achieved  between  the  still  pot  and  the  base  of  the  column. 
The  Fenske  form  (15)  is  written  entirely  in  terms  of  liquid  composition  (no  y 
terms)  and  hence  involves  a  lower  power  of  a  than  (14). 

(4)  Determination  of  Plates  by  Simple  Graphic  and  Tabular  Methods. 


Simple  graphic  and  tabular  methods  have  also  been  developed  for  rapid 
routine  calculation  of  H.E.T.P.  These  are  particularly  useful  when  the 
number  ot  plates  is  large.  4  he  following  example  using  benzene- carbon 
tetrachloride  mixtures  will  illustrate  the  method.  Figure  11  shows  the 
vapor-liquid  equilibrium  diagram  with  theoretical  plates  stepped  off  from 
the  composition  x  =  0.05  to  a;  =  0.90  (mole  fraction  carbon  tetrachloride). 
These  steps  are  numbered  beginning  with  zero  for  the  lowest  value  of  x. 
Figure  12  shows  enlarged  sections  of  the  same  graph.  The  marked  vari¬ 
ation  in  composition  change  per  plate  is  clearly  brought  out.  Such  a  graph 
is  used  by  reading  off  the  plate  numbers  corresponding  to  the  still  and  dis¬ 
tillate  compositions,  and  subtracting  the  smaller  plate  number  from  the 
larger.  Inclusion  of  the  refractive  index  curve  in  Figure  11  makes  it 
possible  to  proceed  directly  from  refractive  index  to  composition  to  plate 
number.  Large-scale  graphs  are  desirable  unless  only  a  rough  approx- 

“  .,S  needed'  Interpolation  to  obtain  fractional  plate  numbers 
(  enthsj  is i  common  practice,  but  in  most  cases  the  results  of  a  test  are  not 
reproducible  to  better  than  one-half  plate. 

The  entire  operation  is  facilitated  by  plotting  plate  numbers  directly 
gainst  composition  and  refractive  index,  as  in  Figure  13.  Thus  if  still  and 

St ril Zti0nS  TPeC,iiVely’  °'7°  a"d  °-2°  “<>■«  lotion  carbon 

ten achlor.de,  the  corresponding  plate  numbers  are  approximately  22.2  and 
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().9.  1  he  number  ol  plates  is  15.4.  It  the  refractive  indices  of  the  samples 

tiom  another  test  ot  a  column  are  1.4700  and  1.4900,  the  corresponding 
plate  numbers  are  21.9  and  6.9,  giving  15.0  plates. 

1  he  use  of  graphs  is  entirely  eliminated  by  the  tabular  method,  illus¬ 
trated  in  Table  \.  The  refractive  indices  1.4700  and  1.4900  give  plate 
numbers  21.9  and  6.9,  as  before.  Values  are  given  only  to  the  nearest  0.1 


Fig.  1 1 .  Diagram  for  theoretical  plates  at  total  reflux  for  benzene  -  carbon  tetrachloride 

mixtures. 


plate,  so  that  discrepancies  of  this  magnitude  may  occur  in  comparisons  be- 
tween  Table  V  and  the  graphs  of  Figures  11-13.  There  is  110  'ie‘'d 
greater  precision  because  of  the  inherent  lack  of  reproducibility  ,n  H.H.  l.r. 

meWhenever  a  considerable  number  of  tests  are  to  be  made  with  a  particular 
mixture,  it  is  advantageous  to  prepare  graphs  or  tables  on  the  above  f i  a. 
The  construction  of  the  vapor-liquid  equilibrium  diagram,  and  the  Stepp  g 
off  of  the  plates,  etc.  can  then  be  done  once,  with  considerable  care,  and 
subsequent  repetitions  of  these  operations  are  entirely -avoided. 

(5)  Calculations  for  Columns  Having  More  Than  100  Theoretical 
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Plates.  Willingham  and  Rossini53  suggest  the  trial  of  the  two  following 
mixtures  for  the  full-scale  testing  of  such  columns  and  have  worked  out 


0.70 


tig.  12.  Large-scale  sections  of  Figure  11. 

0.05  to  0.90  mole  fraction 


1  lieoretical  plates  stepped-olT  from 
carbon  tetrachloride. 


cvHnLeqUati0nR  ^  •  The  firSt  is  2,2,4-trimethylpentane  and  methyl- 

cyclohexane,  whose  refractive  index-mole  fraction  relation  at  25 °C.  is:  ‘ 

n°  (mixture)  ~  wD  (2,2,4-trimethylpentane)  =  0.0244x'  +  0.0072  (*') 3 

where  nD  is  the  refractive  index  and  *'  is  the  mole  fraction  of  methylcyelo- 
5J  W  lllingham  and  Rossini,  J.  Research  Natl.  Bar.  Standards,  37,  21  (1946). 
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hexane  in  the  mixture, 
relation  is: 


1  he  number  ot  theoretical  plates- mole  fraction 


n  +  1  —  [48.07  +  0.13 (t  -  100)]  log  [{x/x')head/ (x/x')pot] 

(over  the  range  97  to  101.5 °C.)  where  n  is  the  number  of  plates,  t  is  the 
mean  temperature  in  degrees  centigrade,  and  x  and  x'  are  the  mole  fractions 
in  the  liquid  phase  of  the  more  volatile  and  less  volatile  components,  respec¬ 
tively.  The  preparation  of  the  material  for  this  test  mixture  is  also  de- 


REFRACTIVE  INDEX 


Fig.  13.  Benzene  -  carbon  tetrachloride  plate  number 
versus  composition  and  refractive  index. 

scribed  by  Rossini  and  co-workers  in  another  publication.54  lhe  equa¬ 
tions  given  are  not  applicable  unless  the  test  liquids  are  purified  to  the  de¬ 
gree  specified,  and  in  particular  the  refractive  indices  must  differ  by  the 
same  0.0316  units  that  are  involved  in  the  derivation  of  the  equation^  ^ 
The  second  mixture  is  2,3,4-trimethylpentane  (normal  b.p.  113.46/  >.) 

and  2,3,3-trimethylpontane  (normal  b.p.  114.760'C.).  The  number  of 
theoretical  plates-mole  fraction  relation  is: 

n  i  =  [64.95  —  0.36 (t  —  114)]  log  [(x/x') iu*t/(x/x')^] 

«  Forziali,  Glasgow,  Willingham,  an, I  Rossini,  J.  *****  NaU.  Bur.  Standard  36, 
129  (1946). 
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(over  the  range  111.5  to  115°C.),  where  z  and  a:'  are  the  mole  fractions  in 
the  liquid  phase  of  the  2,3,4  and  2,3,3  isomers,  respectively.  Analysis  must 
he  by  infrared  spectrometer,  and  samples  are  prepared  hv  efficient  distilla¬ 
tion  of  commercial  mixtures  of  branched-chain  paraffins. 


C.  OPERATION  AT  PARTIAL  REFLUX 

For  purposes  of  design  and  operation,  a  good  understanding  of  the 
methods  for  predicting  the  composition  from  plate  to  plate  or  point  to  point 
at  partial  reflux  is  required.  Both  reflux  ratio  and  the  number  ot  theoret¬ 
ical  plates  have  an  important  bearing  on  the  sharpness  of  separation 


Fig.  14.  Apparatus  for  returning  distillate  to  still. 


actually  resulting  in  any  distillation.  In  large-scale  continuous  distillation 
it  is  necessary  to  make  calculations  of  the  plate  compositions  at  partial 
reflux  in  order  to  locate  the  proper  point  in  the  column  for  introducing  feed. 
In  either  continuous  or  hatch  distillation,  the  reflux  ratio  chosen  is  an  im¬ 
portant  factor  m  determining  the  cost  of  operation.  Finally,  since  reflux 
ratio  influences  the  number  of  plates  required  for  a  given  separation,  it  is 
also  an  important  factor  in  the  cost  of  construction. 

(1)  Test  Procedures.  In  a  continuous  distillation  with  constant  feed 
composition  duplicate  samples  may  be  obtained  without  difficulty  since 

— - * * . — 4  i™ s:; “■ 
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mental  procedure  for  studying  the  portion  of  a  continuous  column  above 
the  feed  involves  the  return  of  the  distillate  continuously  to  the  bottom  of  a 
batch-distillation  still  as  shown  in  Figure  14.  This  “freezes”  the  com¬ 
positions  at  a  particular  set  ot  values  so  that  replicate  samples  can  be 
obtained.  It  is  essential  to  ensure  that  the  product  stream  is  thoroughly 
mixed  with  the  still  liquid.  When  an  adequate  number  of  samples  has  been 
obtained,  the  distillate  stream  may  be  collected  in  a  receiver  for  a  limited 
time,  and  then  again  deflected  into  the  still  so  that  another  group  of  samples 
can  be  obtained,  with  different  still  and  distillate  compositions.  This  re¬ 
turn  to  still  procedure  is  not  generally  applicable  to  batch  distillation. 

In  batch  distillation  still  samples  of  negligible  size  must  be  removed  by 
the  procedure  already  described  for  total-reflux  tests.  Distillate  samples 
are  obtained  directly.  Because  of  the  change  of  compositions  as  the  dis¬ 
tillation  progresses,  duplicate  samples  cannot  be  obtained  except  by  repeat¬ 
ing  an  entire  distillation  from  the  beginning  (see  page  56). 

(2)  Basis  for  Plate-to-Plate  Calculations.  Sorel55  was  the  first  to 
show  that  a  plate  should  not  be  expected  to  give  as  much  separation  under 


partial  reflux  as  it  does  under  total  reflux,  even  though  other  conditions  are 
identical.  His  method  of  estimating  the  degree  of  separation  under  any 
reflux  ratio  by  means  of  material  and  heat  balances  has  been  thoroughly 
worked  out  for  plate  columns  and  continuous  distillation.  The  same 
principles  apply  to  packed  columns  and  batch  distillation,  but  two  addi 
tional  factors  must  be  included  in  a  careful  theoretical  analysis.  As  a 
batch  distillation  proceeds,  there  is  a  continual  change  in  composition  at 
any  point  in  the  column  as  the  more  volatile  component  is  gradually  re¬ 
moved.  This  adds  to  the  system  as  worked  out  for  continuous  distillation 
a  rate  of  change  variable  so  that  appreciably  different  relations  may  occur 
when  holdup  is  not  negligible  (see  page  56  below).  In  the  second  place, 
in  packed  columns  the  gradual  change  of  composition  up  the  column  re¬ 
quires  a  differential  analysis  which  is  necessarily  more  complex  than  the 
corresponding  case  for  plate  columns,  for  which  the  theory  may  be  worked 
out  step  by  step,  corresponding  to  the  distinct  change  in  composition  from 

plate  to  plate.  ,  ,  ,  , 

A  number  of  different  ways  of  approaching  this  problem  have  been  pro¬ 
posed  (Sect.  IV)  but  there  is  much  evidence  that  the  relations  derived  for 
plate  columns  are  reasonably  satisfactory  for  packed  columns.  For  these 
reasons  and  because  the  explanations  and  equations  are  basic  and ^rela trvey 
simple  the  next  paragraph  considers  continuous  or  steady-state  distillatio 
in  plate  columns.  It  is  further  assumed  that  the  column  is  adiabatic,  tha 


55 


,  1 1 oo  1901  1317  (4889);  118,1213  (1894).  These  were 

.so. 
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the  heat  of  mixing  in  vapor  and  liquid  is  negligible,  and  that  the  substances 
involved  have  similar  thermal  properties.  These  further  simplifications  are 
frequently  applicable  and  are  known  as  the  usual  simplifying  assumptions 
(USA).  The  reasoning  is  based  on  the  early  work  of  Sorel,  and  the  simpli¬ 
fications  introduced  by  Lewis66  and  McCabe  and  Thiele. 

(3)  Continuous  and  Steady-State  Distillation.  Steady-state  distillation 
may  be  defined  as  any  distillation  in  which  there  is  no  change  in  col¬ 
umn  compositions  with  time.  Examples  are  operation  at  total  reflux  or 
return-to-still  operation  with  a  batch  column.  A  more  pertinent  example  is 
ordinary  continuous  distillation. 

Plate-to- Plate  Calculations  by  Method  of  Sorel  and  Lewis.  With  a  total 
condenser  in  a  continuous  distillation  at  partial  reflux  it  is  legitimate  to 
assume  that  the  composition  of  the  vapor  leaving  the  top  plate  is  the  same 
as  the  distillate  composition : 

yt  =  Xd  (16) 


With  a  partial  condenser  the  composition  of  the  vapor  from  the  top  plate  is 
determined  directly  by  experiment.  In  either  case  it  is  assumed  that  the 
vapor  leaving  the  top  plate  is  in  equilibrium  with  the  liquid  on  the  top  plate. 
When  the  relative-volatility  equation  applies,  this  liquid  composition  xt  can 
be  calculated  from  the  relation: 

7-^-  =  -T^-  (17) 

For  any  binary  mixture,  xt  can  also  be  found  graphically  from  the  vapor- 
liquid  equilibrium  diagram.  The  composition  of  vapor  coming  from  plate 
t  —  1  may  then  be  found  from  the  operating-line  equation  (see  below) : 

L  I) 

Vi- 1  —  y  xt  T  y  Xd  (18) 


Ihe  liquid  composition  x,_1  may  now  be  found  as  before  from  the  vapor 
liquid  diagram  and  then  used  in  another  operating-line  equation: 


L  D 

dt-2  —  y  X,_1  +  y  XD 


(19) 


This  process  may  be  repeated  as  often  as  needed  to  obtain  z,  ,  y,  ,  x 
etc.  ’  l~3’ 

In  order  to  rleriye  the  equation  for  the  operating  line,  it  is  assumed  that 
one  has  a  plate  column  and  that  the  reflux  ratio  is  L/D,  in  which  L  repre- 

I  “  LT,iS'/,'  Ind'  E'T  Chem  ’  ■>  522<1909>i  tnd.  Eng.  Chem.,  14, 4112  (1922)  Walker 

PrinCiPkS  °f  ChemM  ^  3r“  ed-  »«>»*- 
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sents  moles  reflux  and  D  the  moles  distillate  per  unit  time.  (Reflux  ratio 
may  be  measured  by  a  variety  of  means,  as  described  in  Chapter  II,  page 
251.)  The  moles  of  vapor  per  unit  time  are  then  V  =  L  - f  D.  By  a 


Fig.  15.  Diagram  of  plate-to-plate  calculations  of  composition,  etc. 
by  the  method  of  Sorel,  Lewis,  and  McCabe  and  Thiele. 


material  balance  about  the  top  plate  and  condenser  (as  in  I;  ig.  15)  it  is 
obvious  that  for  any  one  component: 


moles  of  component  entering 
top  plate  t  in  vapor  from  plate 
below,  t  —  1 


moles  of  component 
leaving  top  plate  in 
overflow  to  plate  below 


moles  of  component 
+  leaving  system  in  dis¬ 
tillate 


Expressed  in  symbols: 

Vyt—i  —  Lx  i  -T  Dxd 


(20) 


where  yl-\  is  the  composition  of  the  vapor  from  plate  t  1,  Xt  the  com¬ 
position  of  liquid  from  plate  t,  and  x,>  the  distillate  composition.  This  is 
usually  written  as  equation  (18).  A  similar  material  balance  may  be  made 
about  the  two  uppermost  plates,  i  and  t  -  1,  and  the  condenser.  In  t  is 


case: 

moles  of  component  entering 
t  —  1  plate  in  vapor  from 
t  -  2 


moles  of  component 
leaving  t  —  1  plate  in 
overflow  to  /  —  2 


moles  of  component 
-f-  leaving  system  in  dis¬ 
tillate 


Or,  in  symbols: 


V\ji- 2  =  Lx,- 1  +  L>xD 


(21) 
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Iii  a  similar  manner  it  may  be  shown  that: 


and  in  general : 


1  1/|_3  —  LXi  —  2  "T  DXp 
Vyn-i  =  Lxn  +  Dxd 


(22) 

(23) 


the  operating-line  equation,  for  any  portion  of  a  continuous-plate  column 
above  the  point  of  entry  of  feed,  or  for  any  portion  whatever  of  a  batch- 
plate  column  operating  under  steady  state  at  finite  reflux. 

As  shown  above,  this  type  of  equation  makes  it  possible  to  calculate  the 
composition  of  the  vapor  from  any  particular  plate  from  that  of  the  liquid 
from  the  plate  above,  if  the  distillate  composition  and  reflux  ratio  are 
known.  A  numerical  example  is  given  below  in  this  section  (page  59).  The 
above  derivation  assumes  that  there  is  no  heat  loss  from  the  column  and 
that  the  thermal  properties  of  the  mixture  being  distilled  are  such  that  a  ma¬ 
terial  balance  will  also  produce  a  heat  balance,  and  make  Lt  =  L,_i  =  L,_2, 
etc.  and  Vt  =  F,_i,  etc.  If  the  thermal  properties  such  as  heat  of  mixing 
are  not  negligible,  and  the  latent  heats  and  specific  heats  of  the  materials 
are  not  closely  similar,  the  derivation  must  be  based  on  a  heat  balance  and 
the  more  complicated  relations  originally  derived  by  Sorel  must  be  used. 

Lewis  pointed  out  that  liquids  could  be  classified  as  either  associating  or 
nonassociating,  and  that  when  a  mixture  contained  only  liquids  of  one  class 
the  assumption  of  equimolal  overflow  ( Lt  =  Lt_x  =  L,_2)  etc.)  was  reason¬ 
able.  1  his  has  been  substantiated  by  extensive  use  of  the  operating-line 
equation: 


Vn- 1 


L  D 

v  Xn  +  v  Xd 


(24) 


m  the  design  of  continuous-plate  columns.  When  the  liquids  in  a  mixture 
are  not  of  the  same  class,  it  is  often  possible  to  use  the  above  equation  by 
assigning  fictitious  molecular  weights  so  that  Lt  =  Lt_u  etc.  This  requires 
recalculation  oi  the  vapor-liquid  equilibrium  diagram  in  terms  of  the  fic¬ 
titious  molecular  weights.  Graphic  procedures  have  been  developed  bv 
Ponchon-  and  Savarit58  in  order  to  apply  the  method  of  Sorel  when  heats  of 
nnxing  sensible  heats,  and  latent  heats  vary  so  much  that  the  simpler 

1’ °"  T'mi?la!  OVerflow  are  not  satisfactory.  Randall  an, I 
Longtin  have  generalized  this  procedure. 

It  is  important  to  recognize  that  for  total-reflux  conditions  D  =  0  and 
L/V  ~  so  that  the  operating-line  equation  becomes: 

y  n  — l  —  x„  (25) 

67  Ponchon,  Technique  moderne,  13,  20,  55  (1021) 

58  Savant,  Chimie  &  industrie,  9,  Special  No.,  737  fMav  mw-n  a  • 

»a£ndaH  1  7“  rT*  bv 27  m  Z: 

Randall  and  LongUn,  HA.  Eng.  Chem„  32,  125  (1940),  and  preceding 


50 


A.  AND  E.  ROSE 


McCabe- Thiele  Graphic  Procedure.  The  following  equivalent  graphic 
method60  may  also  be  used  to  calculate  plate-to-plate  compositions  at  par¬ 
tial  leflux  (ldg.  1G).  The  first  step  is  to  draw  on  the  vapor-liquid  equilib¬ 
rium  diagram  the  so-called  operating  line,  with  equation  (24).  This  will 


pass  through  the  point  d(x  =  xD,  y  —  Vi  —  xD)  and  will  have  the  slope  L,  1  . 
Its  intercept  on  the  vertical  axis  ( x  =  0)  will  be: 


D 

Vi  ~~  y 


(26) 


e- 


so  the  line  can  simply  be  drawn  through  the  points  d  and  yt.  1  his  line  i 
lates  the  liquid  composition,  (xn),  from  any  plate  to  the  composition  of  the 
vapor  from  the  plate  below  (*,_,).  Therefore  the  value  of  y  corresponding 

«o  McCabe  and  Thiele,  Ind.  Eng.  Chem.,  17,  605  (1925). 
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1  o  the  intersection  of  the  operating  line  with  the  vertical  line  x  xt  gives  the 
composition  of  the  vapor,  leaving  the  t  -  1  plate.  The  composition  oi 
the  liquid  from  this  plate  may  now  he  found  by  simply  reading  across  irom 
yl_1  to  t  —  1  on  the  equilibrium  curve  and  then  down  to  xt-i.  In  a  similar 
manner  the  following  are  located: 


i /r_2  —  composition  of  vapor  from  t  —  2  plate 
x,~  2  —  composition  of  liquid  from  t  —  2  plate 
yt- 3  —  composition  of  vapor  from  t  —3  plate 
xt-3  —  composition  of  liquid  from  t  —  3  plate 


and  so  on.  Thus,  if  still  composition  in  a  batch  plate  or  packed  column  is 
:r,_3  and  distillate  composition  is  xD,  it  is  obvious  that  the  system  as  a  whole 
must  have  the  equivalent  of  four  perfect  plates. 

In  actual  practice  the  number  of  plates  is  determined  simply  by  drawing 
the  operating  line  through  the  point  d  on  the  45°  diagonal  representing  dis¬ 
tillate  composition,  and  through  the  intercept  (equation  26)  and  then 
stepping  off  the  construction  of  d,  t,  t ',  t  —  1,  t'  —  1,  etc.  until  a  value  of  x 
near  the  still  composition  is  reached.  The  equivalent  number  of  theoretical 
plates  is  the  number  of  steps  less  one  if  separation  equivalent  to  one  plate 
is  assumed  to  occur  in  the  still  itself. 

When  dealing  with  compositions  near  zero  or  unity,  or  with  mixtures  of 
relative  volatility  near  unity,  it  is  usually  necessary  to  plot  the  x  versus  y 
diagram  on  an  exaggerated  scale  in  order  to  preserve  reasonable  accuracy. 
Sometimes  mere  increase  in  the  scale  is  sufficient,  but  in  other  cases  plotting 
on  logarithmic  paper  may  be  helpful.  The  equilibrium  curve  may  appear 
as  a  straight  line,  and  the  operating  line  as  a  curve  on  such  graphs.  Ran¬ 
dall  and  Longtin61  have  prepared  graphs  of  y  minus  x  versus  x  for  use  with 
mixtures  having  relative  volatility  very  near  unity. 

Minimum  Reflux.  It  can  be  seen  from  inspection  of  Figure  1 6  that  if  the 
reflux  ratio,  L/D,  is  made  higher  and  approaches  total  reflux,  and  if  the 
ratio  D/V  and  the  intercept  yt  approach  zero,  the  operating  line  will 

approach  the  45°  diagonal  and  the  entire  operation  approaches  that  for 
total  reflux. 

For  any  particular  values  of  still  composition,  xs,  and  product  composi¬ 
tion,  there  is  also  a  minimum  reflux  ratio,  RDmin_,  corresponding  to  the 
operating  line  which  intersects  the  equilibrium  curve  at  x*.  For  example 
such  a  situation  would  arise  if  still  composition  was  x%  in  Figure  16  Lower 
reflux  ratios  than  correspond  to  the  operating  line  shown  cannot  give  a 
separation  as  great  as  irom  xD  to  xu  because  for  such  lower  reflux  ratios  the 
operating  lines  intersect  the  equilibrium  curve  to  the  right  of  tt.  It  is  clear 
that  the  stepping-off  process  cannot  be  continued  to  the  left  of  t{  and  that 


Randall  and  Longtin,  Ind.  Eng.  Chem.,  31,  908  (1939). 
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the  corresponding  still  composition  is  the  minimum  possible  with  the  given 
vapor-liquid  equilibrium  curve,  product  composition,  and  operating  line. 
Theoretically,  an  infinite  number  of  plates  is  required  to  reach  such  a  min¬ 
imum  composition.  Actually  those  plates  operating  on  material  of  com¬ 
position  near  the  minimum  accomplish  little  or  no  separation,  and  increase 
in  the  number  of  plates  does  not  improve  the  separation. 

The  minimum  reflux  ratio  for  the  enriching  section  during  distillation  of  a 
binary  mixture  when  the  usual  simplifying  assumptions  are  applicable  is 
given  by: 

7?  _  Xd  ~  }Js 

K'Drnin.  ~ 

Vs  ~  x* 


This  may  be  derived  by  noting  that  in  Figure  16,  if  xs  =  xt,  y ,  =  yt,  and  the 
slope  of  the  operating  line  is: 

xD  -  ijs  _  (L\  (L/P)  min. _  Rpmin. 

Xp  -  Xs  \v)min,  (L/D)min,  +  (D/D)  Rpmin.  +  1 


which  then  may  be  solved  for  Rpmin.  to  obtain  the  equation  shown  above. 

Smoker62  has  devised  a  nomograph  for  estimation  of  minimum  reflux  and 
theoretical  plates  corresponding  to  the  equations  of  the  preceding  discus¬ 
sion. 

The  calculation  of  minimum  reflux  for  the  continuous  distillation  of 
multicomponent  mixtures  has  been  the  subject  ot  extensive  study  because  ot 
its  practical  importance  in  industrial  distillation.63 

Procedures  When  Usual  Simplifying  Assumptions  Are  Not  Applicable. 
The  original  procedure  of  Sorel  can  be  carried  out  by  a  graphic  construction 
analogous  to  the  McCabe-Thiele-mcthod  just  described.  However,  when 
the  column  is  not  adiabatic  or  the  other  usual  simplifying  assumptions  are 
not  applicable,  the  values  of  L  and  V  are  no  longer  equal  on  the  different 
plates  throughout  t  he  column.  Their  actual  values  depend  on  the  thermal 
quantities  (heats  of  vaporization,  mixing,  etc.)  and,  as  a -result,  the  operat¬ 
ing  line  is  curved ;  otherwise  the  stepwise  procedure  is  unchanged.  Modi¬ 
fied  but  equivalent  graphic  methods  are  much  used64  for  such  calculations. 


64  Smoker,  Ind.  Eng.  Chem.,  34,  509  (1942).  M  .  .,q 

63  G.  G.  Brown  and  Holcomb,  Petroleum  Engr.,  11,  No.  13,  27  ( 1940);  12,  .  •  »  • 

et  sea.  (1940).  Colburn,  Trans.  A  m.  Inst.  Chem.  Engrs.,  37,  805  ( 1941 )  Gilliland  Ind. 
Fna  Chem  32  1101  (1940).  Scheibel  and  Montross,  ibid.,  38,  268  (1946).  Lnder- 
IZiTlANLL,  31,  ...  (.945);  33  ,598,  ,1.4  (1946.  Bee  £=  Ednn^, 
Trans.  Am.  Inst.  Chem.  Engrs.,  42,  15  (1946)  Humme.  40,  445  (1944),  Jenny, 

ibid  35  635  (1939).  Gilliland  and  Reed,  Ind.  Eng.  Chem.,  34,  o51  (1W2..  Hogan, 
SSI  33,  1132  (1941).  Jenny  and  Ciealeae,  37,  956  (1945).  Karnnfsky,  M., 

34,  839  (1942). 
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E<i  nations  for  Stripping  Section.  In  the  section  of  a  continuous  column  below  the 
entry  of  the  feed,  the  relation  between  the  composition  of  the  vapor  coming  up  to  a 
plate  (//,„_ i)  and  the  liquid  on  a  plate  ( xm )  is  given  by  the  equation: 

L  H 

Vm  —  1  ~  y  X™  j  -  XB 

where  L,  V,  and  B  are,  respectively,  the  moles  of  overflow  (reflux),  vapor,  and 
product  withdrawn  at  the  bottom  of  the  column,  all  per  unit  time,  and  xB  is  the 
composition  of  the  last.  For  the  bottom  plate  of  a  column,  this  is: 

L  B 

VS  =  y  Xl  ~  XS 


in  which  ys  and  x,  are  the  compositions  of  the  vapor  from  the  still  and  the  liquid  in 
the  still,  respectively,  and  Xi  is  the  composition  of  the  liquid  on  the  first  plate.  The 
values  of  xs  and  xB  will  be  identical  since  the  product  is  being  withdrawn  from  the 
still.  The  value  of  y„  is  obtainable  from: 


1 


x, 


or  from  the  vapor-liquid  equilibrium  diagram  for  the  mixture.  The  only  remaining 
unknown  is  xh  so  its  value  can  be  calculated  and  the  process  repeated  for  the  plates 
above  to  obtain  values  of  x«,  x3,  etc.  A  graphic  construction  may  be  used,  and  a 
form  of  the  Smoker  equation  can  also  be  worked  out  for  these  operating  conditions 
and  used  as  described  on  the  following  pages. 


Application  to  Multicomponent  Systems.  The  procedures  just  discussed 
are  entirely  valid  for  multicomponent  mixtures,  but  application  is  compli¬ 
cated  by  the  difficulty  in  finding  xn_l  when  yn _ x  is  known.  This  arises  be¬ 
cause  in  multicomponent  mixtures  the  value  of  yn  will  in  general  depend 
on  the  concentrations  in  the  liquid  of  all  the  other  components  as  well  as  on 
xn.  Thus,  a  series  of  equilibrium  curves  or  equivalent  data  are  required 

and  trial  and  error,  or  specially  developed  methods  must  be  used  to  find  the 
correct  solution. 63>fi5 

Smoke,- and  Other  Equations.  If  the  number  of  plates  is  large,  or  if  verv 
many  McUbe-l  h.de  determinations  are  necessary,  the  graphic  procedure 

devised8  Te  ,‘T  *  DUmber  °f  al«ebraic  methods  have  been 

dev lsed.  The  most  straightforward  of  these  is  the  Smoker--  equation, 

CiartTVswZ-  fVT0'  Wit'  chimie  *  Me-*,  >. 

Petroleum  Refiner,  24,  No.  8,  299;  No.*, *3*7  U9«7  ^  (I935>'  WUte' 

XewtrM9^dCh“Zn.5.Kemento  *  3rd  ed.  McGraw-Hill, 

**  Smoker,  Tram.  Am.  Iml.  Che,,,.  E„m..  34,  168.  883(1988). 


54 


A.  AND  E.  ROSE 


which  is  merely  the  algebraic  or  analytical  equivalent  of  the  McCabe- 
Thiele  graphic  procedure.  As  originally  developed  by  Smoker  it  is  useful 
only  when  relative  volatility  may  be  assumed  to  be  constant.  The  same 
method  may  be  applied  to  obtain  equations  for  any  case  in  which  an  alge¬ 
braic  statement  for  the  equilibrium  curve  is  known  and  can  be  solved  for  x 
and  y .67  The  derivation  of  the  Smoker  equation  may  be  simply  illustrated 
by  the  example  of  a  column  with  one  plate  and  a  still  operating  with  dis¬ 
tillate  return  (Fig.  14).  With  the  same  reasoning  used  for  the  Lewis  pro¬ 
cedure,  one  obtains  equation  (18)  or  for  this  instance: 


.  L  ,D 

V still  y  Opiate  "i  y 


It  is  also  true  that  xD  =  ypiate.  Since  the  vapor  from  the  plate  (ypiate)  is  in 
equilibrium  with  the  liquid  on  the  plate  (xplate),  these  two  compositions  are 
related  by  the  relative  volatility  equation: 


yP 


Xr 


so  that: 


Xd 


i  -  yP 


yP 


=  a 


1  —  Xr 


Xd 


«0  -  yP )  +  yP  «(!  ~  +  Xd 

This  value  of  xv  may  be  substituted  above  to  give: 


y.  = 


L 

V 


xD 


.  «(1  —  Xd)  +  Xd_ 


D 

H"  y  XD 


Thus  this  equation  gives  directly  the  composition  of  vapor  leaving  the  still 
in  terms  of  the  distillate  composition,  xD,  the  reflux  ratio,  L/\  and  D/V,  an 
the  relative  volatility  a.  No  graphic  operations  are  necessary  Since  t  e 
vapor  leaving  the  still,  i /„  is  in  equilibrium  with  the  liquid  in  the  still, 

these  are  related  by: 


y> 


1  -  y s 


=  a 


1  -  xs 


so 


that : 


y * 


x,  = 


a(i  —  ys)  +  y * 

On  substituting  the  value  y,  in  the  above  equation  the  still  and  product 
compositions  are  related  by. 

Clark,  Trans.  Faraday  Soc.,  41,  718  (1945). 
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X.  = 


k 

V 

Xp 

+ 

a(l ' 

-  Xp)  +  Xp 

a-a{k 

Xp 

D  I  ,  L 

+  y  +  y 

_a(l  —  xD)  +  xD_ 

D 

V 


xp 


_<*(!  —  Xp )  +  Xp_ 


D 

+  yXD 


This  final  equation  gives  the  still  composition  directly  in  terms  of  the  dis¬ 
tillate  composition,  without  graphic  operations.  If  the  symbol  (f>p  is  used 
to  represent  the  quantity: 


LY _ Xp _  +-x 

FL<*(1  -  Id)  +  Id\  +  ylu 


the  equation  appears  much  less  formidable: 


4>d _ _ 

a(l  —  <pp)  +  <$>D 

For  a  continuous  column  the  feed-plate  composition  replaces  the  still  com¬ 
position  in  the  above  reasoning  so  that: 


Xp  — 


_ 4>d 

«(1  —  4>d)  +  <f>D 


In  spite  ol  the  complexity  of  the  relationship,  Smoker  has  developed  the 
equation  for  any  number  of  plates  in  a  relatively  simple  form,  through  the 
use  ol  ingenious  mathematical  transformations.  The  most  useful  form  for 
calculating  the  number  of  theoretical  plates  is: 


.  =  log  Ifcr  UU  -  Mil,  -  t)n  /  _o_ 

U*.  -  *][1  -  M(xd  -  fc)]f  /  g  mc> 

in  which: 

M  =  m°(a  ~ 

a  —  me2 

and  k  is  the  root  between  0  and  1  of: 

m(a  -  1  )k2  +  [m  +  b{ct  -  1)  -  a]k  +  b  =  0 

®‘th  : =  R‘>/W‘>  +  !).  Rd  =  L/D,  b  =  XdKRd  +  1),  and  c  -  1  +  («  - 
)k  For  calculating  still  composition  from  product  composition  when  a 
n  and  ttD  are  known,  it  is  convenient  to  use  the  form : 


xs  =  k  -f-  — - (tuc~)"  (xp  k) 


a>l  ~  (me) (a  -  1)(^  -  k) 


otH  —  {mc2)n 
-  a  —  me 2 
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Bisesi6'  has  furnished  a  nomograph  for  finding  k  in  Smoker’s  equation.  It 
can  readily  be  shown  that  at  total  reflux  the  Smoker  equation  reduces  to 
the  Fenske  equation. 

Other  equations  similar  in  objective  to  the  Smoker  equation  include  the 
following.  Underwood69  derived  relations  for  the  case  in  which  the  dis¬ 
tillate  is  near  100%  purity,  and  for  other  special  cases.  Thomson  and 
Beatty70  and  Clark71  have  also  presented  equations  applicable  under 
special  circumstances.  More  recent  articles  by  Underwood  give  equations 
that  are  more  generally  useful.72  Amundson,  Eshaya,  Harbert,  and  Stop- 
pel73  have  each  developed  a  system  of  theoretical  plate  equations  by  reason¬ 
ing  along  lines  similar  to  Smoker  but  using  different  mathematical  trans¬ 
formations.  Faasen74  has  worked  out  a  nomograph  for  calculating  number 
of  theoretical  plates  and  reflux  ratio,  but  using  a  different  approach  from 
Smoker.  All  these  relations  are  based  on  the  stepwise  graphic  and  alge¬ 
braic  procedure  of  Sorel  as  simplified  by  Lewis  and  McCabe  and  Thiele. 
Various  other  methods  of  column  evaluation  have  also  been  derived.73 

(4)  Batch  Distillation.  Batch-distillation  apparatus  has  almost  always 
been  tested  at  total  reflux  rather  than  at  partial  reflux  (page  32)  and 
there  has  been  but  little  study  of  the  composition  differences  to  be  expected 
under  the  latter  circumstances.  Collins  and  Lantz76  have  chosen  to  ex¬ 
press  the  composition  differences  between  still  and  product  at  partial  leflux 
in  terms  of  plate  equivalents ,  a  standard  of  column  efficiency  first  suggest ( <1 
by  Baker,  Barkenbus,  and  Roswell.77  Plate  equivalents  are  a  quantity 
numerically  equal  to  the  number  of  theoretical  plates  operating  at  total 
reflux  which  would  give  the  separation  obtained  when  the  column  is  operat¬ 
ing  at  a  finite  reflux  ratio.  The  procedure  is  to  step  off  between  the  vapor- 
liquid  equilibrium  curve  and  the  45°  line  the  number  of  plates  between 
still  and  distillate  compositions  in  exactly  the  same  way  as  for  operation  at 
total  reflux.  This  simple,  direct  method  of  evaluation  can  serve  admirably 
as  a  basis  for  comparison  of  columns,  but  is  not  useful  for  predicting  separa- 


68  Bisesi,  Petroleum  Refiner,  22,  236  (1943). 

«>  Underwood,  Trans.  Inst.  Chem.  Engrs.  London,  10,  112  (1932);  /.  Sac.  Chem.  . 

London,  52,  223  T  (1933).  1 101 /loaoi 

to  Thomson  and  Beatty,  lnd.  Eng.  Chem.,  34,  11-4(1.  ). 

71  Clark,  Trans.  Faraday  Soc.,  41,  73X  1 1945).  ... 

72  Underwood  J  Inst.  Petroleum,  29,  147  (1943);  ibid.,  30,  22o  (  •  )• 

72  Amundson,  Trans .  Am.  Inst.  Chem.  Engrs  42,  939  (IW6).  ^ 

(1947).  Harbert,  lnd.  Eng.  Chem.,  37,  1 162  (1945).  Stopp'd,  tUd.,  38,  1271  (194b). 

74  Faasen,  lnd.  Eng.  Chem.,  36,  248  (1944).  .T  .  1t.  \fillw  O  Bull. 

”  kkote^Neftyanoe  Khoi,  2t,  No. 
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tion  under  new  conditions.  To  avoid  the  sampling  difficulty  inherent  in 
batch  distillation  because  of  the  change  of  compositions  with  time,  Collins 
and  Lantz  have  used  the  method  of  returning  the  distillate  to  the  still  (Fig. 
14)  to  “freeze”  the  compositions.  However,  this  method  gives  results 
somewhat  different  from  snap  samples  taken  during  a  regular  batch  dis¬ 
tillation  because  the  return  to  still  procedure  involves  steady-state  opera¬ 
tion  while  batch  distillation  does  not. 

Colburn  and  Stearns78  have  pointed  out  that  the  Sorel-JLewis  and  Mc- 
Cabe-Thiele  procedure  cannot  be  depended  upon  to  estimate  the  number  ol 
theoretical  plates  or  composition  differences  for  batch  operation  at  finite 
reflux.  This  is  because  of  the  effect  of  constantly  changing  compositions 
and  holdup  on  plate-to-plate  compositions,  even  though  the  usual  simplify¬ 
ing  assumptions  are  valid.  This  may  be  shown  by  the  following  reasoning. 
For  the  top  plate  and  condenser  of  a  continuous  distillation  in  which  the 
usual  simplifying  assumptions  are  valid,  the  Sorel-Lewis  equation  is: 

Vyt-i  -  Lxt  -  Dxd  =  0 
For  the  corresponding  case  of  a  batch  distillation: 


Vyt_x  —  Lx,  —  Dxd  =  —IIt  Ax, 


in  which  H,  is  the  total  holdup  on  the  top  plate  and  Axt  is  the  change  in 
composition  on  the  top  plate  during  the  interval  over  which  the  distillate, 
/),  is  removed.  Similar  equations  apply  to  other  plates.  The  additional 
term  necessarily  results  in  a  curved  operating  line  for  batch  distillation. 
As  a  result  it  can  be  predicted  that  a  given  number  of  theoretical  plates 
vill  result  in  a  different  separation  in  batch  distillation  from  that  in  steady- 
state  or  continuous  distillation. 

In  general,  the  equation  for  the  operating  line  in  batch  distillation  will  be : 


VVn- 1  —  Lxn  +  Dxd  —  Hn  _ !  Axn 

m  which  lln_l  is  the  total  holdup  in  the  part  of  the  column  above  plate 
n  -  1,  and  Axh  is  the  change  in  composition  of  this  material  durin"-  the 
interval  over  which  D  is  measured.  This  effect  of  changing  composition 
has  an  important  bearing  on  the  role  of  reflux  ratio  and  holdup  in  batch 
distillation..  When  holdup  is  negligible,  or  when  the  rate  of  change  of  com- 
position  of  the  holdup  is  small,  the  simpler  laws  of  steady-state  or  continu¬ 
ous  distillation  may  be  adequate  to  predict  the  course  of  a  batch  distilla- 

annlv  iT^  f  ^  °f  the  much  more  implicated  relationships  that 

doubt  that  in  hTlTi  r  a,lite  reflUX  and  laxf?e  lll,lduP  leaves  >it*le 
b  that  ln  batch  ^illation  appreciable  holdup  sometimes  gives  a 

'*  Colburu  all(i  Stems,  Trans.  Am.  Inst,  Chem.  Engn.,  37,  291  (1941). 
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sharper  and  better  separation  than  would  be  expected  from  the  laws  of 
continuous  distillation.  This  is  in  addition  to  the  improved  separation 
near  the  beginning  of  a  batch  distillation  commenced  at  total  reflux.  In 


utrast  there  are  also  combinations  of  operating  conditions  (hat  cause 
Ke r  holdup  to  give  poorer  separations  in  batch  distillation. 

The  relation  between  still  and  distillate  composition  for  various  types  J 
eration  may  best  be  shown  by  graphs  such  as  1  lgure  17.  T 
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still  composition  plotted  against  distillate  composition  as  calculated  for  a 
steady-state  distillation  with  reflux  ratio  of  RD  =  4/1  and  hatch  distillation 
with  the  same  reflux  ratio  and  varying  proportions  of  holdup  and  charge 
composition.  The  limiting  case  of  total  reflux  is  also  shown.  Entirely 
different  curves  are  obtained  with  total  reflux  start-up  and  finite  reflux 
start-up  in  batch  distillation.  The  actual  values  in  batch  distillation  at 
finite  reflux  depend  upon  the  previous  course  of  the  distillation,  and  lor  the 
curves  given  were  calculated  by  the  stepwise  plate-to-plate  process  de¬ 
scribed  on  page  126.  These  calculations  involve  numerous  simplifying 
assumptions  but  they  do  take  into  account  the  change  of  composition  with 
time  in  a  batch  distillation.  Relations  similar  to  those  shown  in  Figure  17 
have  also  been  observed  in  experimental  curves.79 


3.  Still  and  Product  Composition  Relations 

A.  UNDER  PARTIAL  REFLUX 

The  preceding  part  of  this  chapter  has  dealt  with  methods  of  determining 
the  number  of  theoretical  plates  when  still  and  product  compositions  are 
known.  The  same  methods  may  be  used  to  estimate  product  composition 
from  still  composition,  or  vice  versa,  when  the  number  of  plates  is  known. 
For  steady-state  distillation,  or  for  batch  distillation  with  negligible  holdup, 
the  McCabe-Thiele  and  Smoker  procedures  are  the  simplest  that  may  be 
used  for  obtaining  still  and  distillate  compositions  from  one  another.  The 
results  of  a  number  of  calculations  of  this  kind  are  shown  in  Figures  18-20. 
For  example,  in  Figure  18A  the  product  compositions  corresponding  to 
various  calculated  still  compositions  are  summarized  for  a  binary  mixture 
having  a  =  1.25,  when  distilled  with  reflux  ratio  Rn  =  19  in  columns  with  5, 
10,  20,  30,  50,  and  100  theoretical  plates. 

The  method  for  obtaining  the  curves  of  Figures  18  to  20  may  be  illustrated  by  the 
calculation  ior  five  plates  in  Idgure  18A.  It  is  first  necessary  to  construct  a  large- 
scale  graph  for  the  vapor-liquid  equilibrium  curve  for  a  binary  mixture  with  a  = 
1.25.  The  points  on  this  curve  are  obtained  by  calculating  values  of  y  correspond¬ 
ing  to  x  =  0.1,  0.2,  0.3,  etc.  with  the  equation: 


V  x 

~  =  a. - 

1  —  y  1  -  x 


■  O  Brien,  M.S.  Thesis,  Pennsylvania  State  College,  1948.  Prevost,  M  S  Thesis 
Pennsylvania  State  College  1948.  Rose  and  Pfeiffer,  “Effect  of  Reflux  Ratio  on  t£ 
Separation  Achieved  in  a  Packed  Fractionating  Column  in  Continuous  and  in  Batch 
w  ation,  Division  of  Industrial  and  Engineering  Chemistry,  Am.  Chem  Soc  Atlan 

S(mTg' ,947-  *• a,so  . .  a».  /  J 


GO 


A.  AND  E.  ROSE 


Fig.  18.  Still-product  composition 
curves  calculated  by  McCabe-Thiele 
procedure  for  ideal  binary  mixture. 
a  =  1.25.  Note  in  B  that  the  same 
curve  is  obtained  for  all  values  of  n 
greater  than  5. 


A  series  of  operating  lines  with  slope  L/V  =  19/20  are  then  drawn  on  this  graph. 
These  are  so  placed  that  their  upper  ends  cross  the  45°  diagonal  at  compositions 
such  as  0.99,  0.96,  0.94,  0.92,  0.90,  0.85,  0.80,  0.70,  0.60,  0.50,  0.30,  0.20,  0  15,  0  1  , 
and  0.05.  Additional  operating  lines  may  need  to  be  drawn  later  in  order  to  obtain 
points  for  a  smooth  still-product  composition  (*„  xD)  curve  such  as  in  Figures  IS 

t0  Figure  21  indicates  how  points  are  obtained.  The  point  x  =  y  =  0.90  mole 
fraction  of  more  volatile  component  represents  an  arbitrarily  chosen  product  com¬ 
position  (xb)  and  the  operating  line  is  drawn  through  this  Point  ^h  slope  L/ 
19/20.  The  corresponding  still  or  feed  composition  (*,)  for  a  c 
all  separation  of  five  theoretical  plates,  operating  on  the  mixture  with  a  •  , 

reflux  ratio  RD  =  19,  is  obtained  by  stepping  off  five  steps  along  the  operating  line 
"I  curve  (page  50).  This  gives  in  succession  the  follow**  values. 
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*1 

yt 

x> 

y-i 

X-i 

y 4 

Xi 

2/5  =  y. 

Xs  =  xs 


Copiposition  of _ _ 

Liquid  from  top  plato 

Vapor  from  second  plate  (counting  from  top  down) 

Liquid  from  second  plate 
Vapor  from  third  plate 
Liquid  from  third  plate 
Vapor  from  fourth  plate 
Liquid  from  fourth  plate 
Vapor  from  fifth  plate3 

Liquid  in  still  in  five-plate  column  (or  liquid  from  fifth  plate 
from  top  of  longer  column) 


Value 


0.878 

0.878 

0.854 

0.850 

0.827 

0.830 

0.797 

0.802 

0.765 


“  That  is,  from  the  still  in  a  column  with  over-all  separation  of  five  theoretical  plates 


;.  19.  Still-product  composition  curves  calculated  by  Smoker  equation  for  ideal  bin¬ 
ary  mixture,  a  =  1.05. 


MOLE  FRACTION  MVC  IN  STILL 

•>g.  20.  Still-product  composition  curves  calculated  by  Smoker  equation  for  ideal  bin- 

ary  mixture,  a  =  2. 
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This  last  value  is  the  desired  still  composition  (xs)  corresponding  to  the  chosen 
product  composition  ( xh  =  0.90)  for  the  five-plate  separation  with  reflux  ratio 
R o  —  19  and  the  chosen  binary  mixture  with  a  =  1.25.  This  gives  one  point  on  the 
corresponding  xs,  xD  curve  (see  Fig.  18A,  where  xD  =  0.90,  x,  «  0.765  lies  on  the 
curve  for  n  5).  Repetition  of  this  procedure  with  the  other  operating  lines  gives 
additional  points.  The  xs,  x ^  curves  for  ten  plates,  etc.  are  obtained  by  similarly 
stepping  off  ten  steps  along  the  various  operating  lines. 


Fig.  21.  Calculation  by  McCabe-Thiele  procedure  of  still  or  feed  composition  when 
distillate  composition,  reflux  ratio,  number  of  theoretical  plates,  and  relative  volatility 
are  known  and  fixed  (see  Fig.  18). 

The  example  chosen  has  a  constant  relative  volatility,  but  the  same 
procedure  could  be  used  for  any  mixture  for  which  the  vapor-liquid  equi¬ 
librium  curve  was  known.  When  constant  relative  volatility  may  be 
assumed,  the  Smoker  equation  will  give  results  identical  with  the  graphic 
method  described  above.  The  Fenske  equation  is  applicable  for  total  re¬ 
flux  and  constant  relative  volatility.  Similar  calculations  can  be  made  In 
the  Ponchon,  Savarit,  and  like  procedures  for  cases  in  which  the  usual  sim¬ 
plifying  assumptions  are  not  applicable. 
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position  as  a  batch  distillation  is  progressing. 

In  addition  to  the  specific  numerical  relationships,  a  comparison  of  the 
curves  shows  the  following  general  relations  implicit  in  McOabe-Thiele 
diagrams. 

( l )  As  the  number  of  plates  is  increased,  less  and  less  improvement  in 
separation  results. 

{2)  No  matter  how  large  the  number  of  plates,  a  high-purity  distillate 
cannot  be  obtained  with  low  still  composition  and  low  reflux  ratio. 

(3)  At  very  low  reflux  ratios  almost  t  he  same  poor  separation  is  obtained 
regardless  of  the  number  of  plates  or  the  still  composition. 

Curves  of  the  type  given  in  this  chapter  can  serve  to  indicate  the  general 
nature  of  composition  relations  even  for  nonideal  and  azeotropic  mixtures. 
In  the  latter  case  the  mixture  must  be  considered  to  be  made  up  of  azeo¬ 
trope  and  one  of  its  pure  components,  rather  than  the  two  pure  components. 
The  general  effect  of  increase  in  plates,  relative  volatility,  and  reflux  ratio 
will  be  that  indicated  by  the  calculated  curves,  even  though  there  will  be 
discrepancies  for  specific  cases. 

B.  UNDER  TOTAL  REFLUX 

Curves  under  total  reflux  conditions,  such  as  those  in  Figures  22  and  23, 
which  were  calculated  from  the  Fenske  equation,  show  the  maximum 
diffeience  in  composition  that  can  be  achieved  with  a  particular  mixture 
and  column.  They  also  serve  as  a  quick  means  of  determining  the  number 
of  theoretical  plates  if  still  and  distillate  compositions  from  a  test  are 
known.  It  also  appears  that  in  some  cases  these  curves  describe  the  sepa¬ 
ration^1  characteristic  of  batch  distillation  with  appreciable  holdup  and 
finite  reflux  ratio.  This  arises  from  the  marked  shift  in  the  operating  lines 

caused  by  constantly  changing  compositions  in  batch  distillation  with 
appreciable  holdup. 
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combination  for  which  a'1  is  approximately  86.5.  The  quantity  a*  is 
known  as  the  enrichment  factor,  or  over-all  separation  factor ,  and  is  a  good 
measure  of  the  maximum  sharpness  of  separation  that  may  be  expected  in 
any  particular  instance. 


Fig.  22.  Still-product  composition 
curves  calculated  by  the  Fenske  equation 
for  ideal  binary  mixture,  a  =  1.25.  Total 
reflux. 


Fig.  23.  Still-product  composition 
curves  calculated  by  Fenske  equation  for 
ideal  binary  mixture,  a  =  2.  Total  re¬ 
flux. 


4.  Compositions  on  Various  Plates  or  at  Various  Points  in  a  Column 

The  composition  on  any  plate  or  at  any  point  in  a  column  may  be  esti¬ 
mated  by  the  same  procedures  already  discussed  for  calculating  the  number 
of  plates  and  the  still-product  composition  relations.  An  example  was 
indicated  in  connection  with  the  xs,  xD  values  for  Figure  18A.  Such  calcu¬ 
lations  are  subject  to  all  the  limitations  and  discrepancies  already  men¬ 
tioned,  and  have  general  interest  and  utility  for  the  same  reasons  as  the 
curves  relating  still  and  product  composition.  They  are  especially  useful 
for  estimating  the  holdup  of  the  individual  components.  This  is  deter¬ 
mined  by  the  concentration  of  that  component  on  each  of  the  plates  or 
throughout  the  packing  of  a  column.  This  varies  from  plate  to  plate  or 
point  to  point,  and  in  a  batch  distillation  such  compositions  change  grad¬ 
ually  as  the  distillation  progresses. 

Figures  24-26  show  the  results  of  such  calculations.  Figure  24  gives  the 
calculated  compositions  under  total  reflux  in  a  column  with  twenty  theo¬ 
retical  plates  for  an  ideal  mixture  with  a  =  1.25.  The  shape  of  the  curves 
and  the  values  of  the  compositions  are  unchanged  if  the  numbering  is  from 
the  bottom  up,  or  from  some  intermediate  plate,  as  for  the  analysis  of  a 
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shorter  column.  This  is  true  because  all  the  curves  have  identical  slopes 
for  any  particular  composition,  and  identical  average  slopes  between  an\ 
two  given  compositions.  This  is  not  true  of  curves  at  partial  reflux  such  as 
those  in  Figures  25-26. 


MOLE  FRACTION  MVC  IN  LIQUID 


tig.  24.  Compositions  calculated  by  the 
tenske  equation  at  various  points  within  a 
column  for  an  ideal  binary  mixture.  Twenty 
plates.  Total  reHux. 


Fig.  25.  Compositions  calculated  bv 
Smoker  equation  at  various  points 
within  a  column  and  various  times  during 
batch  distillations  for  an  ideal  binary 
mixture.  Twenty  plates.  Partial  re¬ 
flux. 


Under  partial-reflux  conditions  the  lower  ends  of  the  curves  are  fre¬ 
quently  straight  lines,  corresponding  to  that  part  of  a  McCabe-Thiele  dia¬ 
gram  at  which  operating  line  and  equilibrium  curve  come  together.  At 
dist.llate  compositions  approaching  unity  a  similar  phenomenon  appears  at 
the  upper  ends  of  the  curves.  Any  of  the  curves  can  be  used  for  a  smaller 

case  the  c uve"' ** P,'afteS  ^  t0tal  Sh°"'n  in  the  fi«l,res'  In  such  a 
of  plat,  “re  t0P  ™  *°  include  only  the  desired  number 
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An  interesting  application  of  this  type  of  curve  is  the  proposal  by  Podbielniak81 
to  analyze  liquids  or  liquefied  gases  by  determination  of  the  temperatures  along  a 
fractionating  column  operating  at  total  reflux  on  a  sample  of  such  size  that  all  of  it  is 
present  in  the  column  as  holdup.  The  temperatures  are  related  to  the  composition 
at  various  points  in  the  column,  and  the  curve  of  temperature  (or  composition) 
versus  length  along  the  column  closely  resembles  the  conventional  distillation  curve 
relating  temperature,  refractive  index,  etc.  to  per  cent  of  charge  distilled.  It  is  of 
course  essential  that  the  condenser  and  still  pot  of  such  a  fractionating  column  be 
designed  to  have  negligible  holdup  so  that  all  the  sample  is  distributed  through  the 
fractionating  section. 

Bowman  and  Sastry*2  have  also  discussed  this  method  of  analysis  as  applied  to 
binary  mixtures,  and  have  presented  typical  experimental  data.  The  experimental 
curves  agree  with  those  calculated  for  the  process,  but  the  theory  indicates  that  a 
given  column  will  give  poorer  separation  than  when  operated  in  the  usual  batch 


hundred  plates.  Partial  reflux. 


cal  and  Micro  Chemistry,  Am.  Chem.  Soc.,  New  York  C.ty  meet.ng, 
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fashion.  However,  this  theoretical  comparison  neglected  the  effect  of  holdup  and 
finite  reflux  ratios  on  batch  distillation.  The  chief  advantage  of  the  analysis  by 
temperature  measurement  at  total  reflux  is  the  use  of  simpler  apparatus  and  pro¬ 
cedure. 


5.  Summary 


This  section  has  presented  the  most  important  methods  of  determining 
the  number  of  plates  for  distillation  apparatus.  When  the  number  of 
theoretical  plates  is  known  or  fixed,  all  these  methods  are  also  useful  for 
estimating  the  composition  differences  between  still  and  product  or  at  other 
points  in  the  column. 

A.  COMPARISON  OF  METHODS  OF  DETERMINING  NUMBER  OF  THEORETICAL 
PLATES 


If  the  data  are  collected  when  the  distillation  is  proceeding  under  total 
reflux ,  the  number  of  plates  is  usually  determined  by: 

( 1 )  The  stepping-off  process,  using  the  experimental  vapor-liquid  equi¬ 
librium  diagram.  This  is  applicable  to  both  ideal  and  nonideal  mixtures. 

{2)  The  Fenske  equation,  which  is  the  algebraic  equivalent  of  the  step¬ 
ping-off  process,  but  is  applicable  only  when  the  average  value  of  the  rela¬ 
tive  volatility  is  within  about  5%  of  the  extreme  values  encountered  in  the 
distillation  or  test. 


II  the  distillation  is  carried  out  under  steady-state  conditions  (continuous 
distillation)  at  partial  reflux,  the  number  ot  theoretical  plates  may  be  de¬ 
termined  by: 

{1)  Sorel’s  method,  which  is  the  basic  general  procedure  for  plate-to- 
plate  calculations.  It  is  not  used  when  the  following  simpler  methods  are 
applicable,  i.e.,  when  the  column  is  adiabatic,  and  the  thermal  properties  of 
the  components  are  similar.  Numerous  modifications  of  Sorel’s  original 
method  have  been  published  (Ponchon  and  Savarit,  Randall  and  Longtin). 

(2)  Lewis’  method,  the  basis  for  the  most  useful  modifications  of  the 
‘/’Orel  method.  It  applies  only  when  the  column  is  adiabatic  and  the 
thermal  properties  of  the  components  are  similar.  The  original  Lewis 
equations  are  less  used  than  the  equivalent  : 

(3)  McCabe  and  Thiele  graphic  procedure.  This  is  the  most  frequently 
used  procedure  It  is  restricted  in  the  same  way  as  the  Lewis  method,  but 

mttmes  “  ^  method*  is  “PP'icable  to  nonideal  as  well  as  ideal 

(4)  Smoker  equation,  which  is  the  algebraic  equivalent  of  the  McCabe- 

relative  volatility  my bea^'med!''  m  which  a  constant 
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(5)  Plate-equivalents  procedure.  Plate  equivalents  may  be  calculated 
lor  any  case  in  which  still  and  product  compositions  and  the  vapor-liquid 
equilibrium  curve  are  known.  They  are  of  comparative  value  only,  and 
have  no  general  utility  for  predicting  separation  under  new  circumstances. 

The  Sorel-Lewis,  McCabe-Thiele,  and  Smoker  relations  are  also  at  least 
approximately  valid  for  batch  distillation  at  finite  reflux,  if  holdup  is  small 
and  reflux  ratio  is  not  too  small.  When  holdup  is  large,  all  the  above 
methods  are  inapplicable,  and  more  complex  relations  apply,  as  discussed 
in  detail  in  Sections  Y  and  VI. 


B.  PRECAUTIONS  IN  USE  OF  HEIGHT  EQUIVALENT  TO  THEORETICAL  PLATE  AND 
THEORETICAL-PLATE  DATA 


In  general,  H.E.T.P.  data  arc  not  highly  reproducible,  particularly  in 
packed  columns.83  Even  the  same  test  mixture  and  the  same  column  may 
give  values  differing  by  10%,  if  the  tests  are  made  at  different  times. 
Different  columns  of  the  same  dimensions  and  packed  with  the  same  pack¬ 
ing  may  give  different  results  because  oi  variations  in  the  arrangement  of 
the  packing,  or  because  of  slight  corrosion  or  the  presence  of  extraneous 
material.  Comparative  H.E.T.P.  values  on  several  columns  with  a  given 
test  mixture  are  a  reasonably  t  rustworthy  basis  for  choice  of  the  best  col¬ 
umn,  packing,  reflux  ratio,  or  throughput  tor  a  particular  separation. 
Values  obtained  with  standard  test  mixtures  are  less  dependable  when  used 
to  predict  the  height  of  a  column  for  separation  of  an  entirely  different  mix¬ 
ture.  Table  VI  indicates  the  variation  found  by  Peters84  with  different 
types  of  compounds. 

There  is  some  indication  that  compounds  of  high  molecular  weight  give 
higher  H.E.T.P.  values  than  those  of  lower  molecular  weight.  Carswell85 
ascribed  this  to  contact  of  an  equal  volume  of  vapor  with  a  smaller  volume 
of  reflux,  and  gave  the  formula: 

H.E.T.P.  =  kMd/T 


to  indicate  the  factors  involved.  The  symbol  k  is  a  proport.onal.ty  con¬ 
stant,  M  is  the  average  molecular  weight  of  the  two  substances  being 
separated,  d  is  the  average  density  of  the  liquid  mixture,  and  T  the  absolute 
temperature.  Carswell  states  that  the  inverse  temperature  relation  is  due 
to  increase  in  vapor  volume  with  absolute  temperature,  while  the  density 
factor  arises  from  the  decrease  in  surface  area  of  the  liquid  at  greater  densi¬ 
ties.  Carswell  makes  no  mention  of  viscosity  or  diffusion  propeities  whic  i 
might  also  be  expected  to  enter  into  this  situation. 

ss  Todd,  hid.  Eng.  Chem.,  Anal.  Ed.,  17,  1 70  (194.»). 

Peters,  Ind.  Eng.  Chem.,  14,  470  (1922). 
a*  Carswell,  Ind,  Eng.  Chem.,  18,  294  (1920). 
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A  variety  of  recent  work,86  mostly  in  terms  of  transfer  units  rather  than 
theoretical  plates,  has  demonstrated  that  in  many  cases  H.E.T.P.  may  he 
expected  to  vary  with  reflux  ratio  and  composition. 

H.E.T.P.  is  usually  greater  in  a  long  column  than  in  a  short  one  of  ex¬ 
actly  the  same  kind.  Thus  a  low  H.E.d  .P.  obtained  in  a  test  on  a  short 
column  cannot  in  general  be  reproduced  in  a  much  longer  column.87  It  is 
even  more  important  to  recognize  that  a  low  H.E.T.P.  in  a  small-diameter 
column  will  not  even  be  approximated  with  larger  diameters,  even  though 
packing,  test  mixture,  throughput,  and  reflux  ratio  are  the  same.  (Chan¬ 
neling,  i.e.,  agglomeration  of  the  liquid  into  relatively  large  streams,  is  be¬ 
lieved  to  be  the  cause  of  this  behavior,  although  good  experimental  evidence 
is  lacking.)  Recently  developed  protruded  packing88  is  designed  to  avoid 
channeling,  by  using  surface  forces  to  maintain  filmlike  distribution  of 
liquid  over  the  packing.  There  is  no  record  of  attempts  to  accomplish  the 
same  end  by  addition  of  a  nonvolatile  surface-active  agent  or  by  changes 
in  the  surface  of  the  packing. 

Corrosion  or  introduction  of  foreign  matter  will  usually  have  a  deleterious 
effect  out  of  proportion  to  the  amount  of  such  material.  The  H.E.T.P.  as 
well  as  the  over-all  utility  of  a  column  or  packing  is  related  to  the  pressure 
drop  for  a  given  throughput.  Pressure  drop  in  both  packed  and  plate 
columns  has  been  subjected  to  extensive  study.89 

If  a  column  is  not  insulated  to  operate  approximately  adiabatically  at  all 
times,  the  variation  in  heat  gained  or  lost  through  the  column  walls  will 
change  H.E.T.P.  appreciably.  This  results  from  variation  in  the  amount 
of  reflux,  which  in  turn  causes  changes  in  reflux  ratio,  throughput,  and 
H.E.T.P.  (Sect.  IV).  Small-diameter  columns  are  most  affected  by  such 
conditions,  so  that,  their  H.E.T.P.  will  undergo  gross  variations  with 
changes  in  environment  if  insulation  is  inadequate. 

The  vapor-liquid  equilibrium  data  in  Tables  I-IV  and  in  most  papers 
published  is  for  a  pressure  of  760  millimeters.  Little  error  is  involved  in 
using  these  data  for  operation  at  pressures  of  700  to  800  mm.,  but  at  other 
pressures  differences  will  become  appreciable. 


**  Duncan,  Koffolt,  and  Withrow,  Trans.  Am.  Inst.  Chem.  Engrs.,  38,  259  (1942) 
Gerster  Koffolt,  and  Withrow,  ibid.,  39,  37  (1943);  41,  393  (1945).  Griswold  and 
Stewart  Ind.  Eng .  Chem.,  39,  753  (1947).  Keyes  and  Byman,  Univ.  Illinois  Bull.  Eng. 

464  (1943)  m’^tv328  (n941)'  Langdon  and  Keyes>  Ind-  Eng.  Chem.,  35, 

A'  a;  '  */eiffer’  Thesis»  Pennsylvania  State  College,  1947.  Richter  Oel  u 

m  \o Vn  L?VSChUltZ,e  r*  »•***•  06  (1944).  stage  aadlchu^ 

.  ’  f  (1944)-  Storrow,  J.  Soc.  Chem.  Ind.  London,  66,  41,  73  (1947) 

Kirschbaum,  Angew.  Chem.,  B19,  No.  1,  13  (1947). 

8h  Cannon,  Ind.  Eng.  Chem.,  41,  1953  (1949). 

flcMT^f11’  TrTn  Am'  IUSL  Ckem •  EngrS •»  38’  1023  0942).  Leva  ibid  43  549 
(1947).  Leva  and  Grummer,  ibid.,  43,  633,  713  (1947).  ’’  3’  54, 
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TABLE  I 

Data  for  r-Heptane-Methylcyclohexane  Test  Mixture®  (All  Compositions  in 

Mole  Fractions  r-Heptane) 


Vapor-liquid  equilibrium  data  Data  for  analysis  of  samples 


Vapor  Liquid  20  ,20  B.p.,  °C. 

compn.  cotnpn.  nD  1  (760  mm.) 


0.0350 

.0020 

.1030 

.1430 

.1920 

.2290 

.2890 

.3330 

.3810 

.4200 

.4750 

.5210 

.5780 

.6180 

.6660 

.7280 

.7710 

.8100 

.8535 

.8900 

.9130 

.9400 

.9625 

.9860 


0.0000 
.0310 
.0580 
.0787 
.0950 
.1330 
.1638 
.1800 
.2160 
.2486 
.2715 
.3170 
.3372 
.3630 
.4010 
.4126 
.4560 
.5010 
.5186 
.5590 
.  5990 
.6056 
.6470 
.6993 
.7090 
.7560 
.7942 
.7960 
.8430 
.8790 
.9060 
.9310 
.9338 
.'9540 
.9800 
1.0000 


1 . 4232 

1.4200 

1.4165 

1.4135 

1.4100 

1.4075 

1 .4036 

1.4004 
1 . 3970 

1.3942 

1 . 3899 

1 . 3878 


0.7693 

.7613 

.7535 

.7454 

.7377 

.7312 

.7218 

.7145 

.7069 

.6992 

.6884 

.6839 


100.80 

100.55 

100.35 

100.15 

99.70 

99.20 

99.00 

98.85 

98.60 

98.50 

98.40 


,  ,  ,  „  winp,  columns  with  about  ten  to  ninety  plates.  It  is 

r:=  s 


(i)  Griswold,  Ind.  Eng.  Chem.,  35,  247  (1943). 
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smaller  errors.  The  data  are  from  Bromiley  and  Quiggle.(2)  The  n-heptane  and 
methylcyclohexane  used  by  Bromiley  and  Quiggle  had  the  following  characteristics: 


Compound 

B.p.,  °C. 

(760  mm.) 

j20 

a4 

20 
n  D 

F.p.,  °C. 

n-Heptane . 

Methylcyclohexane.  . . 

98.4 

100.8 

0.6839 

0.7693 

1.3878 

1.4232 

-40.8 

The  heptane  was  obtained  from  a  commercial  source  and  was  approved  by  the  National 
Bureau  of  Standards  for  determination  of  knock  ratings.  The  methylcyclohexane  was 
purified  by  fractional  distillation,  washed  with  coned.  H2S04,  Na2C03  solution,  and  water, 
and  then  dried. 

Willingham  and  Rossini(3)  suggest  the  following  equations  for  calculating  theoretical 
plates  with  this  mixture: 

( 1 )  refractive  index  and  mole  fraction  relation  at  25  °C.: 

tid(  mixture)  —  ao(a-heptane)  =  0.0306j;'  +  0.0048(x')2 

(where  «d  is  the  refractive  index  and  x'  is  the  mole  fraction  of  methylcyclohexane  in  the 
mixture). 

(2)  theoretical  plates  and  mole  fraction  relation: 

n  +  1  =  [32.15  -  0.34(1  -  99,1  log  (^)  J 

over  the  range  96.5  to  101. 5°C.  (where  t  is  mean  temperature,  in  °C.,  n  is  number  of 
plates,  and  x  is  mole  fraction  of  the  more  volatile  component).  The  equation  is  not 
applicable  strictly  urdess  the  test  liquids  used  have  been  purified  so  that  the  refractive 
indices  differ  by  0.0354  unit. 


TABLE  II 

Data  for  Methylcyclohexane-Toluene  Test  Mixture0  (All  Compositions  in 

Mole  Fractions  Methylcyclohexane) 


Vapor  Comp. 


0.000 
.143 
.270 
.378 
.470 
.5  0 
.650 
.737 
.818 
.906 
1.000 


Liquid  Comp. 


0.000 

.100 

.200 

.300 

.400 

.500 

.600 

.700 

.800 

.900 

1.000 


'D 


1 . 4965 
1.4871 
1 . 4782 
1.4699 
1.4620 
1 . 4544 
1 . 4474 
1 . 4408 
1.4345 
1 . 4286 
1 . 4235 


Table  continued 


W  WiiS'  and  (^ggle’  huL  En9-  Chem->  25,  1136  (1933). 

gham  and  Rossini,  J.  Research  Natl.  Bur.  Standards,  37,  15  (1946). 
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°  This  mixture  is  useful  for  testing  columns  of  up  to  about  thirty  theoretical  plates. 
Because  of  the  cheapness,  ready  availability,  and  ease  of  purification  of  the  components, 
it  is  particularly  suitable  for  tests  on  large-size  columns.  Analysis  may  be  either  by  re¬ 
fractive  index  or  density.  The  data  given  are  those  of  Quiggle  and  Fenske.(4)  The  rela¬ 
tions  do  not  follow  equation  (4)  with  a  constant  value  of  a,  so  that  graphic  procedures  are 
necessary  to  determine  the  number  of  plates.  Composition  of  the  test  mixture  should 
be  in  the  range  10  to  75  mole  per  cent  methylcyclohexane  to  avoid  the  concentrations  in 
which  composition  change  per  theoretical  plate  is  too  small  for  accurate  analysis.  The 
materials  used  by  Quiggle  and  Fenske  had  the  following  characteristics: 


Compound 

B.p.,  °C. 

(760  mm.) 

df 

71  20 

nD 

Methylcyclohexane 
Sample  I . 

.  ...  100.85 

0 . 7695 

1.4234 

Sample  II . 

.  100.85 

.7692 

1 . 4235 

Toluene 

* 

* 

1.4965 

Sample  I . 

. ...  110.6 

.8658 

Sample  II . 

. ..  110.6 

.8663 

1 . 4965 

The  toluene  was  nitration  grade  which  had  been  fractionally  distilled  through  75  plates 
with  high  reflux  ratio.  The  methylcyclohexane  was  technical  grade  purified  by  washing 
with  coned.  H2SO4,  NajCCh  solution,  and  water. 


TABLE  III 

Data  for  Benzene-Ethylene  Dichloride  Test  Mixture0  (All  Compositions  in 

Mole  Fractions  Benzene) 


Vapor  Comp. 


0.000 

.113 

.222 

.327 

.429 

.527 

.624 

.727 

.818 

.912 

1.000 


Liquid  Comp. 

0.000 

.100 

.200 

.300 

.400 

.500 

.600 

.700 

.800 

.900 

1.000 


,24.* 


1.44218 
1.44750 
1 . 45287 
1.45825 
1.46366 
1.46914 
1.47462 
1.48020 
1.48596 
1.49187 
1.49719 


•  ™  1  ass 

used  for  columns  with  up  t  ■  >  I  >  , ,  • .  ue  hvdrolyzed  and  cause 

«*-  ■»  from  Ward"  and 

taken  originally  from  Rosanoff  and  Easley. (  > 

(o  Quiggle  and  Fenske,  Am.  Chem.  ‘Soc-’59’  1  ',37'1' 

(6)  Ward,  U.  S.  Bur.  Mines  Tech.  Papers  60C > 

(«)  Rosanoff  and  Easley,  J.  Am.  Chem.  Soc.,  31,  9o3  (  • 
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TABLE  IV 


Data  for  Benzene- 

•Carbon  Tetrachloride  Test  Mixture® 

(All  Compositions  in 

Mole  Fractions  Carbon  Tetrachloride) 

Vapor  Comp. 

Liquid  Comp. 

»3 

0.000 

0.000 

1 . 49794 

.122 

.100 

1.49392 

.233 

.200 

1 . 48997 

.337 

.300 

1 . 48589 

.437 

.400 

1.48178 

.534 

.500 

1 . 47772 

.628 

.600 

1.47369 

.720 

.700 

1 . 46963 

.812 

.800 

1.46555 

.831 

.820 

_ 

.850 

.840 

.869 

.860 

_ 

.888 

.880 

- 

.907 

.900 

1.46142 

.918 

.918 

_ 

1.000 

1.000 

1.45732 

This  mixture  has  probably  been  more  widely  used  for  testing  than  any  other  It  is 
suitable  for  columns  with  up  to  about  25  plates.  Analysis  is  almost  always  by  refractive 
index,  but  density  may  be  used.  The  data  given  are  supplied  by  Ward/5)  and  taken 
originally  from  International  Critical  Tables *>  and  Rosanoff  and  Easley/*)  Initial  com¬ 
position  should  be  such  that  still  composition  at  the  time  of  taking  samples  is  not  much 
less  than  b  mole  per  cent  carbon  tetrachloride,  and  the  condenser  sample  should  not  have 

theoreHc  "l  T  Cent  Carb°n  tetrachloride.  At  these  concentrations  one 

theoretical  plate  corresponds  to  about  0.0005  change  in  refractive  index  The  azeo 

tropic  composition  of  91.8  mole  per  cent  carbon  tetrachloride  must  be  entirely  avoided 

— ~  ;Ltr=« 


TABLE  V 


Benzene-Carbon  Tetrachloride  Refractive  Index  Versos  Plate 


1.4600 

10 


20  36.3 

30  34.0 

43  31.7 

- - - - __  ou <5U.2  29.9  29.7 


30.1  35.8  35.6 
33.8  33.6  33.3 
315  31.3  31.1 


37.7  37.4  37.1 
35.4  35.2  35.0  34.8 
33.1  32.8  32.6  32.4 

30  0  30  A  on  <  . —  _ 


36.8  36.6 
34.5  34.3 
32.1  31.9 


(7)  International  Critical  Tables. 


Vol.  7,  McGraw-Hill,  New  York, 


Table  continued 

1030,  p.  77. 
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TABLE  V  ( Continued ) 


00  01  02  03  04  05  06  07  08  09 

Plate  number 


50 
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IV.  DIFFERENTIAL  EQUATIONS  OF  PERFORMANCE 

1.  Diffusional  Processes  in  Packed  Columns 

The  separation  achieved  in  fractionating  columns  in  terms  of  theoretical 
plates  was  discussed  in  Section  III.  The  Fenske  and  Smoker  equations 
were  treated  in  detail  because  they  are  typical  equations  of  performance 
that  relate  the  separation  achieved  to  the  properties  of  the  mixture  being- 
distilled,  the  length  and  character  of  the  column,  and  the  operating  condi¬ 
tions.  It  was  pointed  out  that  the  theoretical-plate  concept  is  useful  but 
essentially  unsound  for  packed  columns.  Even  for  plate  columns  it  has 
been  necessary  to  use  the  concept  of  plate  efficiency  to  explain  the  difference 
between  calculated  and  experimental  results.  A  number  of  concepts  other 
than  theoretical  plates  have  been  used  in  attempts  to  gain  a  clearer  picture 
of  the  fractionating  process,  and  of  these  the  present  section  discusses  the 
following : 

CO  W.  K.  Lewis  equation  for  differential  change  in  composition  from  plate  to 
plate  or  point  to  point; 

(#)  Chilton  and  Colburn  transfer-unit  equations; 

(•3)  Westhaver,  Kuhn,  Docksey  and  May,  and  Bowman  equations; 

(4)  Cohen  equations  for  the  rate  of  approach  to  equilibrium ; 

(5)  Marshall-Pigford  equations. 

All  these  methods  use  a  differential  approach  and  so  are  particularly  appli¬ 
cable  to  packed  columns. 


2.  Packing  Factor 


The  irregularity  of  the  interstices  in  a  packed  column  continues  to  be  a 
complicating  factor,  so  that  empirical  or  experimental  values  are  necessary 

in  eva  matin  Of  anrl  nnmnnrm™  _  mi  .  „  .  J 


H.E.T.P.  =  cv/s 


where  V  is  the  volume  of  vapor  space,  S  the  surface 
is  a  proportionality  constant. 


area  of  packing,  and  C 


I 


Ing.  Chem.,  26,  1169  (1934). 
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The  relations  to  be  discussed  in  detail  in  the  present  section  pertain  not 
to  the  characteristics  of  different  types  of  packing,  but  rather  to  the  be¬ 
havior  of  a  given  packing  or  contacting  device  under  various  circumstances. 


3.  Lewis  Equations 


An  approach  toward  a  differential  treatment  of  the  composition  change 
with  height  in  a  column  was  suggested  by  Lewis.92  He  arrived  at  an  ex¬ 
pression  for  the  change  in  liquid  composition  from  plate  to  plate  by  writing 
the  basic  material-balance  equation  as: 


Vyn  -  Dxd 
*w+1  ”  L 

and  then  subtracted  xn  from  each  side  to  obtain : 


xn+i 


dx 

Xn  Un  3-n 

dn 


jr  Od  -  Vn) 


When  inverted,  this  becomes: 

dn  _ 

dx 

Vn 


1 


7  Oi>  -  Vn) 


Integration  gives: 


n 


r*D 

J  X, 


dx 


D  ,  , 

yn  —  xn  —  —  (xD  -  yn) 


Graphic  integration  may  always  be  used  to  obtain  numerical  values  but 
algebraic  integration93  is  also  possible  when  the  relative-volatility  equation. 


y  * 

-  =  a  - - ' 

1  -  y  1  “  * 


is  applicable.  In  this  case: 


yn 


OtXn 


1  +  xn(a  -  1) 


_  l  u  aw  MQ221  See  also  Robinson  and  Gilliland,  Elements 
**  Lewis,  Ind.  Eng.  Chem.,  14,  492  (1922).  bee  a, so  116_U8. 

of  Fractional  DiMlation,  3rd  ed,  McQ»w-HJl,  *  W  ^  .4m,  M 

..  Dodge  and  Huffman,  Ini.  Eng.  Chem.,  29,  1434  (193/). 

Chem.  Engrs.,  34,  585  (1938). 
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so  that: 


r*D 

n  =  I 
J  x . 


dx 


ax„ 


D 


1  +  xn(a  —  1)  L 


T  _  ax„  1 

rD  ~  i  +  x,(*  -  i)J 


and  integration  gives: 


'xD  +  A\/xt  -f  ZC 


_\xs  +  AJ  \xd  +  B) _ 


f  {axp  +  bxD  +  c)~| 

A  11  L  (ax2s  +  bx ,  +  c)  J 


(1  +  (V2))  , 

n  =  — 7  —  In 

V  62  —  4ac 

where 

a  =  (1  -  a), 

/  D  \  Z) 

b  =  (a  —  1)  \1  —  -XDJ  +  a  — , 

D  b  —  V  62  —  4ae  6  +  V^2  —  4ac 

c  =  -  y  xD,  A  =  - - - ,  and  B  = - — 

L  2a  2a 


It  is  to  be  emphasized  that  this  method  does  not  assume  the  stepwise 
changes  characteristic  of  plate  columns,  but  provides  for  a  differential 
change  from  plate  to  plate  or  point  to  point  in  the  column.  The  equations 
are  particularly  applicable  to  difficult  separations  for  which  a  large  number 
of  plates  are  used  and  the  change  in  composition  from  plate  to  plate  is  small. 


4.  Chilton  and  Colburn  Transfer  Units 


Chilton  and  Colburn94  have  devised  a  distinctive  differential  method  of 
design  for  packed  columns  which  correlates  distillation  phenomena  with 
other  diffusional  processes  such  as  absorption.95  Columns  are  compared  on 
the  basis  of  their  H.T.U.,  or  height  of  a  transfer  unit,  in  correspondence 

with  the  H.E.T .P.  concept.  The  number  of  transfer  units  is  determined  by 
the  relation: 


N‘  =  / 
J  v. 


dy 


y*  -  y 


in  which  y*  is  the  composition  of  vapor  that  would  be  in  equilibrium  with 
lquid  at  any  specified  point  in  the  column  and  y  the  actual  vapor  composi- 
i°n  at  that  point-  The  hmits  of  the  integration  yt  and  ys  are  the  vapor 

m  ™t0n  and  Colburn> Ind •  EnQ-  Chem.,  27,  255,  904  (1935). 

Deed,  Schutz,  and  Drew,  Ind.  Eng.  Chem.,  39,  766  ( 1947),  and  many  others. 
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compositions  at  the  top  of  the  column  and  in  the  still,  respectively. 
Graphic  integration  is  usually  necessary,  but  Baker  and  White96  have  pub¬ 
lished  shorter  graphic  constructions  which  are  of  assistance.  Colburn,97 
Scheibel  and  Othmer,98  and  Underwood99  have  also  proposed  modified 
methods  of  calculating  the  number  of  transfer  units. 

The  Chilton  and  Colburn  equation  for  transfer  units  is  derived  from  con¬ 
sideration  of  the  diffusion  and  flow  phenomena  occurring  in  a  packed 
column.  The  differential  rate  of  increase  of  the  moles  of  low-boiling  com¬ 
ponent  in  the  vapor,  dw,  due  to  its  upward  flow  may  be  expressed  as: 


dw  =  dpGS/pM 


where  dp  is  the  pressure  differential  of  the  more  volatile  component  over 
the  small  height  of  the  column,  dZ,  that  is  under  consideration,  G  is  the 
mass  velocity  of  the  vapor,  8  is  the  cross-sectional  area,  p  the  total  pressure, 
and  M  the  average  molecular  weight. 

The  moles  transferred  by  diffusion  must  balance  the  above,  and  may  be 
written  as: 


dw  =  KApSdZ 


where  K  is  a  constant  dependent  on  the  stationary  vapor  film  adjacent  to 
the  liquid  phase,  and  Ap  is  the  difference  between  the  actual  partial  pressure 
of  the  more  volatile  component  and  the  pressure  this  component  would 
have  if  in  equilibrium  with  the  liquid  at  the  point  in  the  column  under  con¬ 
sideration. 

The  above  equations  may  be  combined  to  give: 


dp/  Ap  =  (KpM /G)dZ 


or: 


j  2  dp/  Ap  =  KpMZ/G 


so  that  the  height  of  column  required  for  a  given  separation  is. 


The  use  of  this  relation  has  been  limited  because  values  ot  the  constant  K 


i.  theory 


79 


are  difficult  to  obtain.100  The  transfer-unit  concept  has  been  most  useful 
when  the  equation  is  expressed  in  the  form : 

Nt  =  f  *  (dp/ Ap) 

Jvx 

or  the  equivalent  : 


The  H.T.U.  and  H.E.T.P.  for  given  column  and  operating  conditions  will 
frequently  have  almost  identical  values,  depending  on  how  nearly  parallel 
the  operating  and  equilibrium  lines  happen  to  be.101  A  theoretical  plate 
will  involve  less  concentration  change  than  a  transfer  unit  if  the  equilibrium 
curve  has  a  steeper  slope  than  the  operating  line,  and  vice  versa. 

It  has  been  shown  by  Colburn102  that  the  H.T.U.  may  be  expressed  either 
in  terms  of  the  resistance  to  transfer  of  material  through  the  liquid  or  gas 
film  at  the  interface  between  liquid  and  vapor  during  distillation,  or  to  the 
over-all  resistance  of  both  films.  The  theoretical  relations  between  these 
three  varieties  of  H.T.U.  are  such  that  it  was  predicted  that  the  value  of  the 
over-all  H.T.U.  would  depend  upon  the  slope  of  the  equilibrium  curve  and 
upon  the  reflux  ratio.  Such  dependence  was  noted  in  several  experimental 
investigations.103  Unless  otherwise  indicated  it  is  the  over-all  H.T.U! 
which  is  referred  to  when  this  quantity  is  mentioned. 


5.  Westhaver’s  and  Kuhn’s  Equations 

Westhaver104  has  shown  agreement  between  actual  top  and  bottom  com¬ 
position  differences  in  a  column  and  the  same  values  calculated  by  a  formula 
based  on  the  diffusion  and  flow  characteristics  of  the  countercurrent  streams 
of  liquid  and  vapor.  Kuhn105  has  carried  through  the  same  type  of  reason¬ 
ing  independently  and  arrived  at  the  same  conclusions.  He  has  also  ex- 


100  Simon  and.  Rau,  lad.  Eng.  Chem.,  40,  93  (1948),  have  developed  an  equation  for 
expressing  column  height  directly  in  terms  of  the  mass-transfer  coefficients  of  the  gas  and 
liquid  films  between  phases  in  distillation. 


101  Clark,  Trans.  Faraday  Soc.,  41,  749  (1945). 

102  Colburn,  Trans.  Am.  Inst.  Chem.  Engrs.,  35,  211,  587  (1939). 

103  Furnas  and  Taylor,  Trans.  Am.  Inst.  Chem.  Engrs.,  36,  135  (1940).  Surowiec  and 
Furnas,  ibid  38,  53  (1942).  Duncan,  Koffolt,  and  Withrow,  ibid.,  38,  259  (1942) 

°W’m' 39,37  (1943):  Johnstone  and  Pig! 

104  Westhaver,  Ind.  Eng.  Chem.,  34,  126  (1942) 

“  Kuhn,  Helv.  Chim.  Acta,  25, 252(1942).  Kuhn  and  Ryffel,  ibid.,  26,  1093(1943). 
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tended  this  reasoning  to  predict  the  course  of  batch  distillation.106  West- 
haver’s  formula  applies  only  to  distillation  through  unpacked  tubes  in 
v  hich  liquid  i  eflux  exists  only  as  a  film  on  the  wall  of  the  tube,  and  the  rising 
vapor  is  meiely  a  continuous  column.  Extension  to  a  conventional  packed 
column  requires  the  use  of  arbitrary  constants. 

\\  esthaver  sets  up  the  equation : 

Dv  d{rdy/dr)  d2y  dy 

r  '  dr  +  r  dZ*  V  dZ  ~  ° 

(a)  (b)  (c) 

to  represent  the  dynamic  equilibrium  of  the  convection  and  diffusion  proc¬ 
esses  that  result  in  constant  composition  at  any  point  in  a  column  operating 
under  total  reflux  on  a  binary  mixture.  The  distillation  operation  is  as¬ 
sumed  to  be  carried  out  in  an  unpacked  column  under  adiabatic  conditions. 
The  symbol  Dv  is  the  molecular  vapor  diffusion  coefficient,  r  and  Z  indicate 
distance  from  the  axis  and  base  of  the  column,  respectively,  and  V  is  the 
vapor  velocity.  (Some  of  the  original  symbols  have  been  changed  to  con¬ 
form  to  those  used  in  this  book.)  It  is  assumed  that  there  is  laminar  or 
viscous  flow  of  vapor,  and  also  that  the  descending  reflux  film  evenly  wets 
the  entire  column  walls,  is  of  uniform  composition  throughout  its  radial 
thickness,  and  has  negligible  surface-transfer  resistance.  The  last  assump¬ 
tion  is  justified  because  kinetic-theory  calculations  show  that  the  vapor 
bombarding  a  liquid  surface  is  of  the  order  of  grams  per  second,  most  of 
which  is  condensed  and  replaced  in  the  vapor  by  material  evaporating  at 
the  same  rate.  Since  this  rate  of  transfer  is  very  great  compared  with  the 
net  transfer  due  to  the  distillation  operation,  there  is  every  reason  to  be¬ 
lieve  that  there  is  equilibrium  between  the  liquid  surface  and  the  film  of 
vapor  adjacent  to  the  liquid.  The  assumption  of  uniform  radial  composi¬ 
tion  through  the  liquid  film  is  equivalent  to  assuming  that  liquid  diffusion 
is  not  a  transfer-limiting  factor. 

Term  (a)  of  Westhaver’s  basic  equation  describes  the  change  in  com¬ 
position  of  the  vapor  at  a  particular  point  due  to  diffusion  in  a  radial  direc¬ 
tion.  This  is  related  to  the  difference  in  compositions  at  the  axis  and  the 
wall  of  the  column,  and  the  rate  of  change  of  composition  along  a  radius. 
The  term  (b)  describes  the  change  in  composition  due  to  diffusion  in  a  ver¬ 
tical  direction,  and  term  (c)  the  change  due  to  the  motion  of  the  vapor 

st  FCtini 

At  total  reflux  there  is  no  net  flow  of  either  component  because  the 
amount  of  the  more  volatile  component  carried  upward  by  the  vapor  stream 

,oa  Kuhn,  Helv.  Chim.  Acta,  29,  26  (1946).  Kuhn  and  Baertschi,  ibid.,  29,  692  (1946). 
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is  equal  to  that  carried  downward  by  the  reflux  and  vertical  vapor  diffusion. 
This  may  be  expressed  as: 


-  x)  -  Dv(dy/dZ)  ]2tt rdr 


0 


This  equation  involves  the  previously  mentioned  assumption  that  liquid 
composition  is  independent  of  r,  and  that  vertical  diffusion  in  the  liquid  is 
negligible.  The  equation: 


( Z I  log  a) 


11  Varl  Dv\ 
.48'  Dv  +  V J 


is  then  derived  by  use  of  Poiseuille’s  law  for  laminar  flow,  and  the  further 
assumptions  that  downward  vapor  velocity  near  the  liquid  surface  is 
negligible,  that  change  in  composition  is  the  same  along  the  axis  as  along  the 
wall,  and  that  the  relative  volatility  may  be  expressed  as: 


log  a  = 


( y  X)r<=T0 

yr  =  r0(  1  y')  r  —  ra 


In  these  equations  Z,  is  the  total  height  of  the  column,  V a  is  the  radially 
averaged  vapor  velocity  (flow  in  cubic  centimeters  per  second  divided  by 
irrl).  The  symbol  r0  is  the  radius  from  column  axis  to  the  downward-mov¬ 
ing  liquid  surface.  Since  a  column  of  height  equal  to  the  H.E.T.P.  has: 

(rbW(*L  ~ 

l  =  H.E.T.P.  =  (11/48)  V.tf/Dr)  +  (. Dy/Va ) 
and  for  taller  columns: 


_  Z, 

71  =  — - - 

(nm(Varl/Dv)  +  (Dy/Va) 

The  minimum  value  for  the  H.E.T.P.  can  be  obtained  by  taking  the  de¬ 
rivative  of  the  equation: 


l  =  (11/48  ){V.rl/Dr)  +  ( Dy/V «) 


and  setting  it  equal  to  zero,  whereupon: 


when : 


l  min.  =  0.96r0 


V a  =  2.1Dv/r0  cm./sec. 
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The  latter  is  of  the  order  of  0.5  cm.  per  second,  which  is  so  low  as  to  be  un¬ 
likely  to  be  attained  experimentally,  and  is  about  one-tenth  of  the  values 
used  in  practice.  The  term  Dv/Va  arises  from  the  back-diffusion  term, 
Dv(dy/bZ),  in  the  basic  total-reflux  equation: 


[V  (y  —  x)  —  Dv(dy/dZ)]2irrdr  =  0 


At  vapor  velocities  comparable  with  those  in  actual  use,  back  diffusion  is 
negligible  and  the  term  Dv/Va  may  be  dropped,  so  that: 


l  =  1 1 V  ar\/ 48ZV 


Thus  smaller  values  of  l  or  H.E.T.P.  should  be  attainable  by  using  smaller 
vapor  velocities,  smaller-bore  tubes,  and  by  increasing  the  diffusion  co¬ 
efficient.  All  these  conclusions  are  in  agreement  with  experimental  ex¬ 
perience,  and  values  of  l  calculated  by  the  last  equation  are  in  reasonable 
agreement  with  those  of  experiments,  as  shown  in  Figures  1  and  2  of  West- 
haver’s  original  paper. 

For  the  case  of  finite  reflux  Westhaver  assumes  a  small  upward  flow  of 
vapor  ( AFa)  beyond  that  equivalent  to  the  reflux  liquid.  The  equation: 


[V(y  —  k)  —  Dv(py/bZ)  ]2nrdr  =  0 


is  replaced  by: 


V(y  -  x)  -  A 


by 

bZ 


-  ZAVa 


2irrdr  =  0 


and  the  derivation  then  gives: 

V  =  /fl  -  [(Fa/AFa)(l  -  2/)(log  o:)]-1}  -1 

where  V  is  the  H.E.T.P.  under  finite  reflux,  V J  AFa  —  RD  +  1,  and  l  is  the 
HETP  under  total  reflux.  This  equation  indicates  that  a  high  reflux 
ratio  at  finite  reflux  is  needed  to  obtain  a  product  approximating  the  com¬ 
position  of  that  secured  under  total  reflux.  Westhaver  gives  the  illustra¬ 
tion  that  Rd  must  be  at  least  200  for  a  mixture  with  a  =  1.1  in  order  that 
be  within  5%  of  l.  The  equation  for  V  may  also  be  used  to  compute  total- 
reflux  H.E.T.P.  when  a  value  at  finite  reflux  is  known.  No  examples  of 

such  calculations  have  been  published.  , 

Westhaver  assumes  maximum  economy  of  production  occurs  whe:  ® 

is  a  minimum,  and  for  this  condition  shows  that  /  must  equal  21  Th  s 
means  operation  with  a  reflux  ratio  that  wfll I  halve  the  number  of  plates 
obtained  at  total  reflux.  For  this  Re  must  be  2/  [(1  y)  log  «]. 
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He  has  also  derived  the  similar  equations: 

V  =  (17/35  )(Vas*/Dv)  +  (Dy/Va) 

and: 

l  =  (52/3  5)(VaS2/Dy)  +  ( Dy/Va ) 

for  operation  between  elongated  parallel  plates  a  space  of  2s  apart  v  ith, 
respectively,  both  sides  and  one  side  only  wetted  by  reflux.  A  derivation 
for  a  packed  column  was  not  attempted  but  the  available  H.E.T.P.  data 
for  packed  and  empty  columns  indicate  that  the  turbulence  and  reduction 
of  dimensions  produce  at  least  a  tenfold  decrease  in  H.E.T.P.  A  decrease 
in  pressure  should  increase  the  diffusion  coefficient  and  thereby  also  reduce 
H.E.T.P.,  according  to  these  equations. 

The  expression: 

AT  dT  /R\/T2\/S5vDvl  1.2  X  10“5Mp\ 

\xApA  4  +  T  ) 


is  given  by  Westhaver  for  the  total  temperature  gradient  required  to  obtain 
a  stable  H.E.T.P.  equal  to  l  at  total  reflux.  R  is  the  molar  gas  constant 
(not  the  reflux  ratio  here),  X  the  heat  of  vaporization,  T  absolute  temper¬ 
ature  ;  p  is  column  pressure,  77  the  viscosity  of  the  vapor,  and  M  the  average 
molecular  weight.  The  instability  of  l  arises  from  the  fact  that  the  velocity 
of  vapor  flow  in  an  open-tube  column  depends  on  the  longitudinal  temper¬ 
ature  gradient,  which  is  the  sum  of  the  flow-producing  gradient  and  that 
necessary  to  sustain  the  weight  of  the  vapor  even  in  the  absence  of  flow. 
Since  the  weight-sustaining  gradient  is  usualty  relatively  much  larger,  a 
small  change  in  total  temperature  gradient  will  cause  a  large  change  in  the 
flow-producing  gradient,  and  thereby  in  the  vapor  velocity.  Thus  for  a 
mixture  of  95%  benzene  and  5%  ethylene  chloride  the  temperature  require¬ 
ments  to  hold  H.E.T.P.  in  the  range  1  ±  0.1  cm.  are  shown  in  Table  VII. 

As  a  consequence  ol  the  apparent  severe  limitation  on  temperature  gra¬ 
dient,  Westhaver  suggests  the  use  of  a  forced  stabilization  of  the  temperature 
gradient  by  an  auxiliary  column  outside  and  independent  of  the  working 
column.  Independent  corroborative  evidence  along  these  lines  comes  from 
Podbielmak’s107  discovery  of  the  need  for  a  controlled  temperature  gradient 
in  precise  analytical  fractionating,  and  in  the  observations  of  Rose108  that 
very  small  but  markedly  unstable  H.E.T.P.  values  are  obtained  in  a  well 
insulated  open-tube  column  operating  at  very  low  vapor  velocities. 

PoLe“£  C^lTmi0n  and  ^  APPUm,i0n  10  ‘he 
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TABLE  VII 


Calculated  Temperature-Gradient  Requirements104 


Tube  radius 
(r0),  cm. 

Pressure, 

atm. 

dt/dZ, 

°C./cm. 

Permissible  variation 
of  dt/dZ,  % 

0.95 

1.0 

9.0  X  10 -5 

±0.0017 

0.47 

1.0 

9.0  X  10“» 

0.027 

0.47 

0.1 

8.4  X  10~5 

1.1 

0.20 

0.1 

3.5  X  10~4 

7.9 

0.10 

0.1 

4.5  X  10-3 

9.8 

Westhaver  has  summarized  the  assumptions  involved  in  his  basic  equa¬ 
tion  : 

l  =  (11  E.rS)/(48  Dr) 

as  follows: 

( 1 )  Mixture  is  close-boiling,  i.e.,  a  =  1.0  to  1.1.  (2)  Operation  at 

equilibrium  under  total  reflux.  ( 3 )  Vapor-flow  laminar.  (4)  Vapor  veloc¬ 
ity  constant  and  independent  of  height  (uniform  vertical  pressure  gradient 
and  no  condensation  in  column).  ( 5 )  Vapor  velocity  large  compared  with 
liquid  velocity.  (6)  Liquid  film  flows  uniformly  over  entire  wall  surface 
and  has  neither  surface-transfer  resistance  nor  radial-diffusion  resistance. 
(7)  H.E.T.P.  is  large  compared  with  tube  radius.  ( 8 )  The  diffusion  co¬ 
efficient  is  independent  of  vapor  composition.  ( 9 )  Back  diffusion  is 
negligible. 

It  is  clear  that  the  equations  and  conclusions  of  Westhaver  would  not 
apply  if  relatively  thick  liquid  films  were  involved,  nor  would  they  apply  if 
there  was  a  slow-moving  vapor  or  liquid  film  with  appreciable  diffusion  re¬ 
sistance,  near  the  surface.  The  application  of  the  equations  to  conditions 
in  which  column  composition  is  changing,  e.g.,  initial  separation  period  of 
any  distillation,  or  entire  period  of  batch  operation  at  finite  reflux,  would 
involve  equating  the  original  equations  to  the  change  in  composition  with 
time. 


6.  Effects  of  Pressure 

Superficial  examination  of  the  equations  of  Westhaver  indicates  a  two¬ 
fold  effect  of  decreased  pressure.  Both  of  these  result  from  the  increase  in 
the  diffusion  coefficient.  This  increases  the  rate  of  mixing  in  a  horizontal 
direction,  which  aids  diffusion  between  phases  and  thus  tends  to  improve 
separation.  At  the  same  time  mixing  in  a  vertical  direction  also  becomes 
more  rapid,  so  that  the  vapor  stream  cannot  support  a  vertical  concentra¬ 
tion  gradient.  There  is  also  a  reduction  in  the  ease  of  establishment  ot 

Rose,  Ind.  Eng.  Chern.,  28,  1210  (1936). 
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equilibrium  between  phases  due  to  reduction  in  absolute  vaporization  and 
condensation  rates  at  low  pressures.  The  practical  operating  difficulties  at 
low  pressure  are  well  known,  and  include  the  high  vapor  velocities  and 
appreciable  pressure  drops,  as  well  as  the  effects  of  hydrostatic  head  and 
surface  tension  on  vaporization.  Byron,  Bowman,  and  Coull109  have  ex¬ 
pressed  the  theoretical  relations  by  the  graph  of  Figure  27.  The  reduction 
of  the  vaporization  and  condensation  rates  as  the  pressure  approaches  zero 
more  than  counterbalances  the  high  transverse  diffusion  since  the  latter  in- 


Fig.  27.  Relative  importance  of  several  factors  in  determining  effect  of  pres¬ 
sure  on  separation  in  fractionation.109 


fluences  the  vapor  phase  only.  At  high  pressures  separation  also  ap¬ 
proaches  zero  chiefly  because  of  poor  transverse  diffusion  and  at  the  critical 
pressure  separation  must  be  zero.  It  is  to  be  recalled  that  the  above  dis¬ 
cussion  applies  to  contact  rectification,  and  that  thermal  rectification  is  in¬ 
fluenced  only  by  improved  longitudinal  diffusion  as  pressure  decreases.  It 

distillation  operations*  ™al  reCtifiCati°n  *  ^^eous  for  vacuum- 

Symposium,  The"n*1  Column,"  High  Vacuum 

110  Docksey  and  May,  J.Inst.  Petroleum  TechnoL,  21,  176  (1935). 
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ments  with  benzene-toluene  and  with  aniline-nitrobenzene  mixtures  sup¬ 
ported  the  theory.  The  conclusions  are  summarized  by  the  relations: 

Z  oc  ( Vr2/Dv ),  or  Z  oc  (Vr2Nd2/v) 

for  streamline  flow,  or  for  turbulent  flow  at  constant  Reynolds  number,  and : 

rj  „  ^ 

“  A (wp/u)oi 

for  turbulent  flow  in  general.  In  these  equations  Z  is  the  height  of  column 
for  a  particular  separation,  V  is  vapor  velocity,  p  is  density,  77  is  viscosity, 
r  is  column  radius,  Dv  is  the  diffusion  coefficient,  N  is  number  of  molecules 
per  milliliter,  d  is  effective  average  molecular  diameter,  and  v  is  molecular 
root  mean  square  velocity.  An  empty-tube  column  is  assumed,  and  sim¬ 
plifying  assumptions  are  made  to  obtain  values  of  several  of  the  above 
quantities  for  the  mixtures  that  are  necessarily  involved.  No  further  con¬ 
firmation  or  study  of  this  approach  has  been  reported  since  the  work  of 
Docksey  and  May. 


7.  Effects  upon  Efficiency  When  Usual  Simplifying  Assumptions 

Are  Not  Valid 

All  the  derivations  and  equations  described  here  for  calculating  the  num¬ 
ber  of  theoretical  plates  or  otherwise  expressing  separating  power  of  a 
column  or  packing  assume  that  the  moles  of  reflux  liquid  flowing  aie  uni¬ 
form  throughout  the  column.  The  equations  of  Section  III  are  w  orked  out 
with  the  reflux  liquid  rate,  L,  expressed  in  moles  per  unit  time,  and  assumed 
to  be  the  same  at  all  parts  of  the  column.  The  equations  could  be  derived 
equally  well  with  L  on  a  weight  basis.  However,  it  is  rather  likely  that  it 
is  the  volume  rate  of  flow  of  reflux  that  is  uniform  throughout  the  column. 
Fortunately  the  densities  of  many  organic  compounds  are  in  the  range  . 
to  1  0  and  with  such  mixtures  weight  and  volume  will  be  approxima  e  y 
proportional  regardless  of  composition.  This  is  not  the  case  for  mixtures 
fn  which  one  component  has  a  high  density,  such  as  benzene-carbon  te  ra- 
chloride.  The  literature  records  no  methods  of  dealing  with  this  situation, 
although  Colburn  and  Stearns"-  have  pointed  out  that  the  basic  material- 
balance  equations  may  be  developed  in  terms  of  volume  anil  volume  p 

cent  if  the  volume  changes  on  mixing  are  negligi  7  c.  t}  h  its 

In  a  column  which  is  losing  an  appreciable  amount  of  h^t  through^ts 

walls,  the  reflux  ratio  is  greater  at  the  of  vapor  that  can 

JttlS";  of  reflux  at  the  bottom  of  the  column, 
m  Colburn  and  Stearns,  Tram.  Am.  Inst.  Chem.  Engrs..  37,  291  (1941). 
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The  upper  part  of  the  column  will  have  greater  capacity  for  vapor,  but  even 
less  vapor  will  be  passing  than  at  the  bottom,  because  of  the  partial  con¬ 
densation  of  the  vapor  in  rising  through  the  column.  The  effectiveness  of 
separation  will  be  different  at  different  parts  of  the  column  and  will  be  very 
sensitive  to  slight  changes  in  the  rate  of  heating  the  still,  and  to  drafts  or 
other  influences  in  the  transfer  of  heat  through  the  column  walls.  The 
column  may  or  may  not  show  greater  difference  than  an  adiabatic  column 
in  composition  between  top  and  bottom.  This  will  depend  on  the  com¬ 
bined  effects  of  the  different  reflux  ratios  and  the  diffusional  resistances  at 
various  points  in  the  column.  The  throughput  will  almost  certainly  be 
less  than  for  an  adiabatic  column  giving  the  same  composition  differences. 


Qualitf^e  exPressi°n  of  results  of  nonadiabatic  operation. iw 
(1)  Combination  of  thermal  and  contact  rectification.  (II)  Thermal  rectify 

<In>  O-a-t  Nation  only,  (ft  -ft  Heat  adTed  „r  s„t 


The  usual  reasoning  is  that  there  is  a  particular  vapor  rate  that  gives  the 
best  separation,  considering  the  diffusional  resistances,  the  refluv  ratio 
compositions  and  rate  of  production  of  distillate.  If  a  column  is  no( 
diabatic,  only  one  part  of  it  can  be  operating  at  the  optimum  vapor  rate 

ThUnder  'eSS  fT°rable  <»  ove Sut 

appreciable  range  of  ,  °ne  is  that  an 

combination  of  changes  in  reflux  ratio  and  difT  ^  because  of  a 
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rates  remained  within  the  specified  range.  Another  instance  would  arise 
when  a  combination  of  vapor  rates  at  various  points  in  the  column  gave 
better  results  than  any  single  rate,  because  of  the  changing  effect  of  concen¬ 
tration,  surface  tension,  etc.  on  the  diffusional  transfer  between  liquid  and 
vapor. 

Byron,  Bowman,  and  Coull109  have  analyzed  the  effects  of  nonadiabatic 
operation  by  means  of  a  graph  such  as  Figure  28,  in  which  the  degree  of 
separation  or  rectification  is  plotted  as  ordinate  and  the  quantity  of  heat 
added  to  or  lost  from  the  column  is  plotted  as  abscissa.  If  separation  due 
to  contact  rectification  alone  is  considered,  the  resulting  curve  is  bell¬ 
shaped  with  a  maximum  for  zero  heat  transfer  to  or  from  the  column,  and  a 
gradual  decrease  in  separation  for  either  addition  (Q)  or  abstraction  (  —  Q) 
of  increasing  quantities  of  heat.  However,  for  any  condition  of  heat  addi¬ 
tion  or  removal  a  composition  change  occurs  due  to  partial  evaporation  of 
liquid  or  condensation  of  vapor,  i.e.,  thermal  rectification  will  occur.  The 
curve  for  the  resulting  change  of  composition  will  be  zero  for  zero  heat 
transfer,  but  with  a  parabolic  rise  as  heat  transferred  is  increased.  The 
net  effect  of  the  contact  rectification  and  thermal  rectification  taken  to¬ 
gether  is  shown  by  the  curve  with  a  maximum  at  zero  heat  transfer,  slight 
minima  at  either  side,  and  rapid  rise  for  greater  heat  transfer. 

Thus  small  deviations  from  adiabatic  operation  should  theoretically  re¬ 
duce  efficiency,  but  large  ones  should  improve  it.  In  practice  it  is  difficult 
to  operate  with  highly  nonadiabatic  conditions  because  reflux  becomes  very 
large  and  vapor  flow  very  small,  as  described  earlier.  This  difficulty  is 
avoided  by  the  specially  designed  thermal  rectifying  column  of  Byron, 
Bowman,  and  Coull.  Simonetta112  has  also  reported  results  on  the  opera¬ 
tion  of  nonadiabatic  columns. 


8.  Bowman’s  Equations 

Bowman  and  Briant"3  have  presented  a  comprehensive  discussion  of  the 
theory  of  packed  columns,  following  and  extending  the  general  reasoning  of 
Chilton  and  Colburn,  Westhaver,  and  Kuhn.  The  basic  material-balance 
equations  for  transfer  in  and  out,  and  accumulation  by,  a  segment  of  liquid 
and  vapor  are,  respectively: 

LibXi/dZ)  -  HL(pXi/()t )  -  (2 <£,///*)  =  0 


and: 

V&yi/^Z)  -  Hv($yi/<)t)  ~  (2 <t>i/H+)  =  0 


112 

113 


Simonetta,  Chimica  e 
Bowman  and  Briant, 


industria  Milan ,  28,  114  (1946). 
Ind.  Eng.  Chem.,  39,  745  (1947). 
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in  which  L  is  the  liquid-flow  rate  down  the  column,  V  the  vapor-flow  rate 
up  the  column,  and  IiL  and  Hv  are  the  total  holdup  in  the  liquid  and  vapor, 
respectively,  in  the  segment  under  discussion.  The  subscript  i  indicates 
that  the  various  quantities  apply  to  a  particular  point  in  the  column. 
There  are  as  many  pairs  of  these  equations  as  there  are  components.  The 
first  terms  represent  transfer  into  the  segment  under  consideration  as  the 
result  of  the  downward  flow  of  liquid  or  upward  flow  of  vapor.  The  second 


term  represents  net  accumulation  or  depletion  as  the  result  of  the  transfer 

fnto  O  h\fi  th!rd  terms'  The  third  term  represents  rate  of  transfer 
nto  one  phase  from  the  other.  The  variables  Z  and  t  represent  height  of 

column  and  time,  respectively.  is  a  quantity  analogous  to  H.E.T  P  or 
phL  t';“e  othSera  ~e,°f.the  dri™S  force  causing  transfer  from  on" 

rates  are  infl^eel  princinZ T^h"^  *  reaS°nable  be°aUSe  the  transfer 

-  -  *  •£  ssiasr  "r,“ "  z  “r  lwr 
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Figure  29.  *  It  is  proportional  to  the  distance  along  a  line  that  has  a  slope  of 
—  1  between  the  operating  point  and  the  equilibrium  line.  For  cases  to 
which  Henry’s  law  is  applicable: 

<f>  =  (kx  -  y)/{k  +  1) 

where  k  is  the  Henry’s  law  constant.  When  Raoult’s  law  applies: 

y  +  <t>  x  — 

-  =  a  - - ; - 

1  —  y  —  </>  1  —  x  +  4> 

or: 

2 <t>  =  x  -  y  +  -  y[(x  +  y)2  -  2(x  +  y)  +  {^ZTi) 

It  is  possible  to  represent  the  analogous  relation  for  nonideal  mixtures  by 
equations  of  the  type: 

2  <t>  =  x  —  y  +  (<t'B/A)(A  —  B)(  1  —  B) 
where  B  =  (x  +  y) /2,  a’  =  /(a)  and  is  a  measure  of  ease  of  separation,  and  A 

is  related  to  the  extent  of  nonideality.  ...  . 

For  steady-state  conditions  as  in  continuous  distillation  the  msic 

material-balance  equations  reduce  to: 

L&Xt/ZZ)  -  (2 4>i/H+)  =  0 

and:  ,  /rT  .  _ 

F(d?yi/dZ)  -  (2 <*>,/#*)  =  0 

These  may  be  combined  to  give: 

LidXi/dZ)  =  Vidyt/dZ) 


This  on  integration  gives: 

Vy  -  Lx  =  Ci 

which  is  the  conventional  operating-line  equation  with: 

Ci  =  (V  —  L)yD  or  Cx  =  (L  —  V)xB 
depending  on  reference  to  the  enriching  or  stripping  section.  The  mate- 
rial-balance  equations  also  give: 

2 Z/H*  =  V  f  ( dy/<t> )  =  L  f 

•  Figure8  29-32,  50-52,  55-58,  63,  and  64  courtoy  of  Mdu stria,  an*  En^neenn, 
istnj. 
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plotting  1/0  against  y  or  x  as  desired.  The  resulting  area  is  2 Z/VH#  or 
2 Z/LH^  When  Henry’s  law  applies,  and  operation  is  at  total  reflux  in 
an  enriching  column  the  integration  may  be  performed  algebraically  to 
give: 

VHt  ~  2  \a  -  1 )  °g  y, 

This  compares  with : 

n  =  Z/l  =  (1/log  a)  log  (yi/ys) 

for  conventional  plate  columns  where  l  is  H.E.T.P.  For  all  values  of  a 
ordinarily  encountered,  1/log  a  is  substantially  equal  to(a+l)/2(a  —  1). 
When  Raoult’s  law  and  total  reflux  are  applicable,  a  similar  correspondence 
is  obtained,  that  is: 

Z  =  1  / a  +  l\  .  yt{ l  -  ys) 

VH^  2\a  -  1/  °g  y,(  1  -  yt) 

whereas  conventional  plate  theory  gives: 


n  = 


log 


VA 1  -  Vs) 


log  «  ys(l  -  yt) 


Similai  conespondence  occurs  for  the  analogous  partial-reflux  expressions. 

Foi  the  case  of  appreciable  holdup  in  batch  distillation,  nonsteady-state 
conditions  are  encountered  and  the  problem  is  more  complex.  However, 
the  general  procedure  has  been  worked  out  in  detail  by  Bowman  and 
B nant  for  the  case  in  which  Henry’s  law  governs  the  vapor-liquid  equilib¬ 
rium  compositions.  Although  the  mathematical  problems  are  involved 
ere  is  reason  to  expect  that  the  method  can  be  developed  so  as  to  prove 
use  ul  for  calculations  of  initial  equilibration  time  in  batch  distillation 

hit  H  n  T'ttent  take'°ff  and  °ther  irreSularities,  as  well  as  normal 
batch-distillation  operations. 

The  most  useful  result  of  the  Bowman  and  Briant  analysis  has  been  the 

rtes Tn'nlaT  ,?Umerlca' ™lues  ob‘ained  by  analysis  based  on  transfer 
tn  UT“S'  ThuS  the  conventional  plate  equations  may  be 

^^SrdenCe  ^  P“ked  — •  -  «  thlare 


9.  Composition  Relations  for  Multicomponent  Mixtures 

Bowman,  Ind.  Eng.  Chem.,  41,  2004  (1949). 
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range  a  to  a  +  da  is  xda.  This  is  equivalent  to  using  a  as  a  variable  that 
designates  the  several  components.  In  such  a  scheme  it  is  most  convenient 
to  take  the  relative  volatilities  as  the  ratios  of  the  vapor  pressures  of  the 
components  to  the  total  pressure  at  some  fixed  temperature.  Figure  30 
shows  curves  expressing  the  compositions  of  two  typical  mixtures.  Curve  I 
corresponds  to  a  mixture  containing  equal  amounts  of  an  infinite  number  of 
components  uniformly  distributed  with  respect  to  their  values  of  a.  Curve 
II  corresponds  to  a  mixture  rich  in  intermediate-boiling  material,  and  with 
smaller  amounts  of  high-  and  low-boiling  components.  These  composition- 
distribution  curves  are  analogous  to  true  boiling-point  curves.  The  area 
under  all  composition-distribution  curves 
must  be  unity,  i.e .,  mathematically: 


i: 


x  da  =  1 


This  is  merely  equivalent  to  the  requirement 
that  the  sum  of  the  concentrations  of  all  com¬ 
ponents  must  be  unity.  A  simple  example 
of  the  use  of  the  composition-distribution 
concept  is  the  derivation  of  the  relation  be¬ 
tween  the  compositions  on  various  plates  in 
a  column  under  steady-state  conditions  with 
reflux  ratio  high  enough  so  that  separation 


7 

rn 

2 

Fig.  30.  Composition  expressed 
in  terms  of  relative  volatility.114 


renux  ratio  mgn  enuugn  ^  -  .  . 

is  determined  by  the  number  of  theoretical  plates.  The  conventional  rela¬ 
tion  for  a  multicomponent  mixture  is: 

(XjXnU) 

Vm  ~  E«A(«> 

i 

where  ,,  and  xn  are  the  compositions  on  the  nth  plate,  and  the  subscripts  i 
imply  tk  values  for  the  fth  component.  Translated  into  compos, t,on- 
distribution  relations,  the  above  becomes: 

ynda  =  (aXnda)  /  (Jl  axnda) 

from  Which  the  da  factors  on  the  left  and  in  the  numerator  divide  out  at 
once.  If  the  feed  plate  is  assigned  the  subscript  0,  and  plates  above  a,e 

numbered  in  sequence. 

y0  =  («a:o)/(7o°°  aX<^a)  =  x' 

the  latter  following  because  x,  =  y.  for  the  assumed  conditions  of  high  re- 
flux.  By  substitution  of  this  expression  for  in . 

x2  =  yi  =  {aX\)/(Jl  a.X\da ) 
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there  is  obtained: 

X2  =  (a*Xo)/(Jl  a2Xoda) 

and  by  continuation  of  the  process: 

Xn  =  (a9Xo)/(Jo'°  ocnx0da ) 

Application  of  this  procedure  gives  Figures  31  and  32  for  the  composition 
distributions  on  several  plates  in  a  column  in  which  the  feed-plate  com¬ 
positions  are  those  represented  by  Curves  I  and  II  of  Figure  30. 

The  same  type  of  reasoning  gives  the  equation: 

Xd  —  4*  1)  —  {Rd°i  V  fo  Vsa  1  da)]yg 

for  steady-state  operation  in  an  enriching  column  in  which  separation  is 
determined  solely  by  reflux  ratio  because  the  number  of  theoretical  plates  is 


Fig.  31.  Composition  distributions 
on  four-plate  column  at  total  reflux 
with  feed  or  charge  composition  I  of 
Figure  30. 114 


Fig.  32.  Composition  distribution 
on  fourth  and  eighth  plates  at  total  re¬ 
flux  with  charge  composition  II  of 
Figure  30. 114 


high.  The  equation  is  applicable  only  for  the  special  case  in  which  there  is  a 
pinch  point  for  all  components  at  the  bottom  of  the  column.  Equations 
for  more  general  cases  are  also  possible  in  principle,  but  detailed  equations 
have  not  been  derived.  Applications  to  simple  cases  of  batch  distillation 
are  presented  in  Section  V. 
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Kuhn  and  Baertschi115  have  used  a  different  method  to  arrive  at  the 
change  of  distillate  composition  with  time  in  the  distillation  of  a  multicom¬ 
ponent  mixture. 


10.  Cohen’s  Equations 

The  treatments  of  Westhaver,  Kuhn,  and  Bowman  deal  with  the  inter¬ 
change  between  vapor  and  liquid  streams  after  a  column  has  reached  equi¬ 
librium  at  total  reflux,  and  after  a  steady  state  is  reached  in  continuous 
distillation  at  finite  reflux.  Cohen116  has  considered  the  changes  occurring 
during  the  initial  period  of  operation  as  the  column  approaches  a  steady 
state.  This  is  important  because  of  the  length  of  such  a  period  when  iso¬ 
topes  or  other  very  close  boiling  mixtures  are  being  separated.  Coulson, 
and  Berg  and  James117  have  also  derived  expressions  for  the  time  required 
to  reach  equilibrium;  these  are  discussed  in  Section  V. 

Cohen  equated  the  transfer  in  and  out  of  a  small  unit  length  of  packed 
column  to  obtain  the  equations: 

H^x'/dt  =  (-Lbx'/dZ)  +  (HL8x'/8t) 

and: 

HyZy'/bt  =  (Vdy'/DZ)  -  (HL8x'/8t) 


for  the  liquid  and  vapor  phases,  respectively.  In  these  x'  is  the  mole  frac¬ 
tion  of  the  less  volatile  component  in  the  liquid,  HL  the  total  liquid  holdup 
per  unit  length,  L  the  liquid  reflux  flow  rate,  while  y',  Hv,  and  V  are  the 
corresponding  quantities  in  the  vapor.  The  length  of  the  column  is  Zt, 
while  Z  is  the  distance  from  the  top  of  the  column  to  the  unit  length  under 
consideration ;  t  is  time.  Cohen  considers  only  continuous  distillation  or 
its  equivalent,  and  for  total  reflux  obtains: 

/  y'  \  _  /  y'  \  e2a(i -z/zt) 

\1  —  y'/top  \1  —  V/  feed 


where : 

cr  =  (kcC/2L)(l  -  a)Zt 

and: 

[N][m]  _  /  s'  /  V'\  = 
a  ]MHn]  \1  -  x'/l  -  y'J  y 


115  Kuhn  and  Baertschi,  Helv.  Chim.  Acta,  29,  692  (1946). 
”6  Cohen,  J.  Chem.  Phys.,  8,  588  (1940). 
m  Coulson,  J.  Soc.  Chem.  Ind.  London,  64,  101  (1945). 
Inst.  Chem.  Engrs.,  44,  307-314  (1948). 


Berg  and  James,  Trans.  Am. 
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[N]  and  [n]  are  the  concentrations  (moles/liter)  of  the  less  volatile  com¬ 
ponent  in  liquid  and  vapor,  respectively;  c  is  [m]  +  [n],  and  C  is  [Mj  + 
[N],  where  [M]  and  [m]  are  the  concentrations  (moles  per  liter)  of  the  more 
volatile  component  in  liquid  and  vapor,  respectively.  The  constant  k  is 
defined  bv  the  relation,  based  on  analogy  with  a  bimolecular  reversible 

reaction : 

Hz&c'/dt  =  -fc([N][m]  -  «[M][n]) 

The  difference  in  composition  between  the  bottom  and  top  of  the  column 
is  given  by: 

Y'(0)w/Y'(Z,)mu,m  =  e 2° 

where  F'(0)  signifies  the  value  of  Y'  when  2  =  0,  and  Y'(Z t)  the  corre- 
sponding  value  when  Z  =  Zt. 

Re-examination  of  the  expression  for  a  shows  that  for  values  of  a  near 
unity  e2<r  is  nearly  equal  to  (1/ a)kcCZt,L.  Thus: 


no)  =  /  v'  \  If  y'  \ 

i  {Z t)  \1  y  ) top  of  column!  \1  V  /  feed 

is  nearly  equal  to  (1  fa)kcCZl/L.  Recalling  that  1  —  y'  refers  to  the  more 
volatile  component,  one  recognizes  the  above  as  the  Fenske  equation  with 
kcCZt/L  representing  the  number  of  plates. 

For  the  more  general  case  of  finite  reflux,  Cohen  obtains: 


no) 

Y'(Z, ) 


+  e 


(e~u)1+ae 


+  e 


w  hei  e  D/L  is  the  fraction  of  flow  drawn  off  (the  inverse  of  ordinary  reflux 
ratio)  and: 


d  = 


(D/L)/(l  —  a) 


As  an  example  Cohen  calculates  data  for  the  case  «  =  0.98  and  when  a  has  a 

Sein  noc/TS°nabl!  VaIUGS'  Even  a  Very  Sma11  withdrawal  of  product  such 
as i  0.02 70  (6  -  10  2)  effects  a  marked  reduction  in  the  ratio  Y'(0)/Y\Z t). 

ie  above  relations  are  only  approximate  solutions  of  the  basic  differential 
equations  of  C  ohen.  When  the  quantity  Y'eu  is  greater  than  0.5,  it  is 
necessary  to  use  more  complex,  exact  solutions  of  the  equations. 

C  °hen  has  also  derived  the  expression : 

Ho),.,  =  HO),./"  -  ^ 
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in  which  t  refers  to  time,  Ch  C2,  ...  are  positive  constants,  and  5h  &>,  . .  are 
pai ameters.  Because  of  relations  among  the  constants  and  parameters  the 
time  of  coming  to  equilibrium  is  determined  by  the  parameter  8X.  This  is 
dependent  in  a  complex  manner  upon  a,  L,  H l,  Z t,  and  a.  In  an  example 
Cohen  obtains: 


^  ,(0)<  =  o 


6.05  -  4.61e~ 0  09824 


0.18e-2114  -  0.05e-6'064  -  0.03e~124 


and  a  similar  equation  for  the  transport  of  heavy  material  from  vapor  to 
reflux  stream,  and  finally  the  value  of  X'(Z)/Y,(Z).  Figures  5  and  6  of 
Cohen’s  original  paper118  describe  the  variation  of  all  these  with  time. 


11.  Marshall-Pigford  Equations 


Marshall  and  Pigford119  have  also  derived  the  basic  equations  for  material 
transfer  in  packed  and  plate  distillation  columns,  as  well  as  other  analogous 
countercurrent  diffusional  operations.  For  a  packed  column  the  basic 
relationship  is: 


M^y/dt2)  +  ( dL  -  da)(d2y/bndy)  -  ( d2y/dn 2)  -f 


in  which  dG  and  dL  are,  respectively,  the  holdup  per  transfer  unit  in  vapor 
and  liquid  phases  divided  by  the  corresponding  flow  rates,  Tr  and  L,  n  is  the 
distance  up  the  column  (measured  in  transfer  units),  t  is  time,  y  is  the  mole 
fraction  of  more  volatile  component  in  the  vapor,  and  a  is  a  constant  de¬ 
fined  by  the  simplified  vapor  liquid  equilibrium  relation  y  =  ax  +  b. 

For  a  plate  column  the  corresponding  equation  is: 

(L/V)dL(dxn/dt)  +  dG(diyn/dt)  =  (yn- 1  -  yn )  +  (L/V)(xn+l  -  xn) 

where  xn,  yn,  etc.  refer  to  liquid  and  vapor  concentrations  from  plates  indi¬ 
cated  by  the  subscript. 

Marshall  and  Pigford  make  use  of  the  simplified  equilibrium  relation  y  = 
ax  +  b  and  the  Laplace  transformation  in  order  to  obtain  solutions  to  these 
equations.  Thus  the  first  of  the  two  preceding  equations  is  made  the  basis 
for  estimating  the  rate  of  approach  to  equilibrium  of  a  column  operating  at 
total  reflux.  They  assume  that  the  column  is  initially  filled  with  liquid 
identical  in  composition  to  the  vapor  entering  the  column,  and  the  latter  is 
assumed  to  remain  constant  during  the  approach  to  equilibrium.  1  ie 


118  Cohen  ./  Chem.  Phi/s.,  8,  588  (1940).  . 

it.  Marshall  and  Pigford,  A  pplication  of  Differential  Equations  to  Chemical  Engineering 

Problems.  Univ.  Delaware,  Newark,  Delaware,  1947,  p.  144. 
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reflux  returning  from  the  condenser  is  assumed  to  have  the  same  com¬ 
position  as  the  vapor  leaving  the  top  of  the  column.  1  hese  conditions  con¬ 
stitute  the  boundary  conditions  required  to  evaluate  the  constants  intro¬ 
duced  in  the  course  of  the  application  of  the  Laplace  tiansfoimation  and  the 
subsequent  solution.  The  mathematical  operations  are  somewhat  ex¬ 
tended  but  the  end  result  is  a  graph  in  which  the  number  of  transfer  units 
in  the  column  is  plotted  against  the  number  of  times  total  column  holdup 
must  be  changed  to  achieve  a  particular  degree  of  approach  to  equilibrium, 
say  95  or  99%.  With  log-log  scales  the  relation  is  nearly  a  straight  line. 
This  relation  involves  the  further  approximation  that  the  equilibrium  line  is 
parallel  to  the  45°  line.  When  the  relative  volatility  is  near  unity  the 
number  of  times  that  the  column  holdup  must  be  replaced  is  approximately 
equal  to  the  number  of  transfer  units. 

Pigford,  Tepe,  and  Garrahan120  have  used  the  preceding  plate  column 
equation  as  the  basis  for  predicting  the  effect  of  holdup  in  batch  distil¬ 
lation  (page  150). 

V.  DISTILLATION  CURVES  IN  BATCH  DISTILLATION 


In  Section  III  the  separation  achieved  in  a  distillation  process  was  ex¬ 
pressed  by  still-product  composition  curves.  Such  curves  can  be  used  for 
relating  still  and  product  compositions,  relative  volatility,  number  of  theo¬ 
retical  plates,  and  reflux  ratio.  They  are  applicable  to  continuous  distil¬ 
lation  if  certain  simplifying  assumptions  are  valid.  Their  usefulness  in 
batch  distillation  is  limited  because  the  change  of  composition  with  time 
distorts  the  steady-state  relations. 

The  results  of  a  batch  distillation  may  be  more  clearly  and  concisely  pre¬ 
sented  by  a  curve  plotting  the  quantity  of  distillate  versus  its  composition. 
If  desiied,  the  curve  for  distillate  quantity  versus  still  composition  may  also 
be  included  on  the  same  graph.  Such  batch-distillation  or  collection  curves 
show  the  purity  of  the  product  at  all  times  during  the  distillation,  and  from 
them  the  average  composition  of  any  fraction  of  the  distillate  may  be  ob- 
tamed.  The  sharpness  of  the  breaks  and  the  flatness  of  the  plateaus  in  the 
distillation  curve  are  a  measure  of  the  effectiveness  of  the  operation. 

Such  curves  can  also  take  into  consideration  the  factors  of  holdup  and 
initial  composition. 

Boiling-point  curves  are  of  this  general  nature,  and  have  long  been  used 
to  follow  the  progress  of  a  distillation.  Refractive  index  and  density  are 
often  a  more  satisfactory  means  of  measuring  distillate  composition  be- 

tion,”  Am.  ChemP  Soc.,  Philadelphia  Mtetb^C1949.C°1Umn  HoWUP  ^  BatCh  Distil,a- 
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The  literature  and  tradition  of  batch  distillation  include  much  qualitative 
information  regarding  the  effect  of  reflux  ratio,  relative  volatility,  number 
of  plates,  and  other  process  variables  on  the  shape  of  the  distillation  curve. 
It  is  remarkable  that  there  are  few  direct  quantitative  data  on  these  rela¬ 
tions.  Batch  distillations  in  particular  seem  almost  always  to  have  been 
carried  out  in  order  to  get  something  distilled  or  analyzed,  rather  than  as 
part  of  an  investigation  whose  primary  object  was  to  improve  understand¬ 
ing  of  the  process  of  distillation.  Most  of  the  latter  type  of  work  is  quite 
recent  and  experimental  data  are  very  limited  in  scope. 

In  the  present  section  equations  are  derived  and  methods  described  for 
calculating  distillation  curves  with  whatever  values  of  the  reflux  ratio, 
number  of  plates,  etc.  are  of  interest.  A  series  of  curves  may  then  be 
worked  out  to  estimate  the  effect  of  changes  in  the  process  variables. 
Numerous  specific  examples  of  the  results  of  such  calculation  are  given  in 
Section  VI.  The  equations  and  calculations  vary  in  complexity  according 
to  the  simplifying  assumptions  used  in  the  derivations.  The  simplest  case 
is  the  graphic  procedure  for  simple  distillation.  This  assumes  only  that 
there  is  no  holdup  and  that  the  vapor-liquid  equilibrium  curve  gives  the 
true  relation  between  still  and  product  composition.  The  algebraic  solution 
for  the  Rayleigh  simple  distillation  equations  includes  the  additional  as¬ 
sumption  that  the  relative  volatility  equation  correctly  expresses  vapor- 
liquid  equilibrium  compositions.  The  most  convenient  methods  for  calcu¬ 
lating  curves  for  fractional  distillation  in  a  column  use  the  Rayleigh  pro¬ 
cedure  but  assume  that  holdup  is  negligible,  the  column  is  adiabatic,  heats 
of  mixing  are  negligible,  the  thermal  properties  of  the  components  aie 
similar,  and  that  the  procedure  of  Sorel  (page  46)  is  applicable  in  batch 
as  well  as  continuous  distillation,  in  spite  of  the  gradual  change  in  com¬ 
position  at  all  points  in  a  batch  column  (the  time  effect).  Any  or  all  of 
these  simplifying  assumptions  can  be  avoided  by  use  of  more  complicated 
calculations,  but  little  has  been  done  along  this  line.  All  the  methods  aie 
illustrated  in  the  following  pages.  The  equations  and  methods  of  calcu  a- 
tion  are  considered  in  approximate  historical  order,  which  is  also  the  or  ei 

of  increasing  complexity. 


1.  Curves  for  Simple  Batch  Distillation 

An  equation  for  the  curve  relating  distillate  composition  to  amount  of 
distillate  in  a  simple  distillation  was  first  derived  by  Young, 
eluded  systems  of  two  or  more  components  and  apparently  dealt 
those  mixtures  having  low  relative  volatilities.  Rayleigh'  derived  the 

Young,  Distillation  Principles  and  Processes,  Macmillan,  London,  1922,  p.  117. 
i22  Rayleigh,  Phil.  Mag.,  4,  .r>21  (1902). 
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general  equation  for  simple  distillation,  and  applied  it  to  the  special  case  of 
very  dilute  solutions.  At  a  much  later  date  it  was  pointed  out123  that  the 
same  reasoning  and  essentially  the  same  equations  apply  to  fractional  dis¬ 
tillation  with  a  column,  if  holdup  is  negligible.  If  the  holdup  is  appreciable, 
the  same  reasoning  can  be  extended  to  derive  analogous  equations  and 
curves,  but  complicating  factors  enter  the  situation.124 

A.  BASIC  RAYLEIGH  EQUATION 

The  fundamental  material-balance  procedure  of  Rayleigh  is  illustrated 
by  the  derivations  and  calculations  for  the  simple  distillation  of  a  binary 
mixture.  Consider  any  instant  during  the  distillation  when  the  mole  frac¬ 
tion  of  the  more  volatile  component  in  the  still  is  xs  and  there  are  S  total 
moles  of  material  remaining  in  the  still.  At  this  instant  assume  that  the 
vapor  in  equilibrium  with  the  mixture  in  the  still  will  have  composition 
y  =  xD,  and  in  a  perfect  simple  distillation  will  give  distillate  of  this  same 
composition.  After  a  very  small  amount  of  this  distillate  ( dS  moles)  is 
collected,  the  total  moles  remaining  in  the  still  will  be  *S  —  dS,  and  the  com¬ 
position  in  the  still  will  have  changed  slightly  to  xs  —  dxs.  It  follows  that: 

Sxs  =  (S  —  dS)(xs  —  dxs )  +  xDdS  (1) 

or,  in  words,  in  terms  of  the  more  volatile  component : 

Moles  in  still  before  moles  in  still  after  re-  moles  in  small  quan- 

removal  of  small  must  equal  moval  of  small  quan-  plus  tity  of  distillate 
quantity  of  distillate  tity  of  distillate 

The  above  equation  may  be  multiplied  out  and  simplified,  dropping  out  the 
negligible  second-order  differential  dSdxs.  After  rearranging  terms,  this 
becomes: 


Sdxs  = 

dS(xD  —  xs) 

(2) 

or: 

dS/S  = 

dxs/(xD  —  xs) 

(3) 

On  integration : 

In  5  = 

r  dxs 

J  %D  —  xs 

(4) 

This  is  the  basic  form  of  the  Rayleigh  equation.  In  this  form,  graphic 
integration  is  necessary  to  obtain  the  numerical  values  needed  to  plot  a 
particular  distillation  curve.  An  example  of  such  a  procedure  is  given  on 


m  S°n6  and  Welshans>  Irid ■  Eng.  Chern.,  32,  668  (1940) 

-  Colburn  and  Stearns,  Trans.  Am.  Inst.  Chem.  Engrs.,  37,  291(  1941). 
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B.  ALGEBRAIC  SOLUTIONS  OF  RAYLEIGH  EQUATION 

If  xD  and  xs  are  related  by  the  relative-volatility  equation,  then:125 


_ Xd _ 

a  —  XD(a  —  1) 


and 


Xd  -  xs  =  XD 


1 

a  —  xD(a  —  1) 


and : 


so  that: 


dxs  =  adxD/[a  —  xD(a  —  1)]! 


In  S  = 


■/ 


adxD 


(5) 


(6) 


(7) 


[a  -  XD(a  -  1)]xj>(1  -  xD)(a  -  1) 

This  may  be  integrated  to  give: 

log  S  =  — — ~  { log  XD—  a  log  (1  —  XD)  +  (a  —  1)  log  [a  —  xD{a  —  1)  ]  j 
a  —  1 

-f  integration  constant  (8) 


or: 

S  =  )c(*D)V<“-,) [«  -  Xx,(a  -  1)]/(1  -  xDr^-'>  (9) 

Since  xD  represents  the  mole  fraction  of  the  more  volatile  component  in  the 
distillate  and  S  represents  total  moles  remaining  in  the  still,  the  above 
equations  represent  the  theoretical  shape  of  the  batch-distillation  curve. 
If  it  is  desired  to  plot  quantity  of  distillate,  this  may  be  found  by  the  rela¬ 
tion  : 

D  =  Sc  —  S  (10) 


where  D  is  the  moles  of  distillate  and  Sc  the  moles  of  charge. 

It  is  also  possible  to  eliminate  instead  of  zs  from  the  basic  equation  (4) 

and  obtain: 


j0g  $  =  — i —  [log  xs  —  a  log  (1  —  £*)]  +  integration  constant  (11) 
a  —  1 

This  relates  still  composition  to  total  moles  remaining  in  the  still. 

The  actual  use  of  such  equations  may  be  illustrated  by  calculating  the  curve  for 
the  simple  distillation  of  WO  integral, 

"ttv  slytit“  ting  the  initial  conditions  of  the  distillation  in  the  equation  for 
Rose  and  YVelshans,  Ind.  Eng.  Chem.,  32,  6G9  (1940). 
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log  S.  The  equation  for  S  could  be  used  and  would  give  the  same  end  result,  but 
the  computations  are  more  difficult.  Any  number  of  moles  of  starting  material 
may  be  considered,  but  for  convenience  in  this  example  100  moles  is  used.  Thus 
log  S  =  2.  Since  the  initial  still  composition  of  the  equimolar  mixture  is  xs  =  0.5, 
the  composition  of  the  first  portion  of  the  distillate  is: 


xD  = 


_ ax, _ 

1  +  Xs(ot  —  1) 


(1.25)  (0.5) 

1  +  (0.5)(1.25  -  1) 


0.555 


Using  these  values  of  log  S  and  xD  in  equation  (8),  the  integration  constant  is  1.2149. 
This  constant  is  used  in  all  subsequent  calculations  for  this  example,  so  that  the 
equation  to  be  used  for  finding  values  of  xD  and  S  during  the  distillation  is: 


log  S  =  -7—  {loga;D  -  (1.25)  log  (1  -  xD)  + 

0.25 

(0.25)  log  [1.25  -  xd(0.25)  ] }  +  1.2149 


Fig.  33.  Points  on  calculated  batch-distillation  curve. 


Thus  if  xD  -  0.550  (rather  than  the  initial  value  0.555),  S  =  90.5,  which  represents 

x  r  4Q  Curv,e.["  this  instance-  ^petition  of  the  calculation  for 

^  “n  ,comef possible  t0  sketch  a  rou«h  o'*1”*  of  the 
^  nation  curve  (Fig  33).  It  is  clear  that  little  separation  will  be  achieved  and 
there  is  no  use  in  calculating  further  points  in  this  case. 

e  values  of  xD  used  in  calculations  such  as  the  above  are  chosen  at  random 

T no  va,ue  of 
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The  first  random  choice  of  xD  should  always  be  somewhat  less  than  the  value  of  xD 
corresponding  to  initial  still  composition. 

It  is  often  less  work  to  use  equation  (11)  to  calculate  distillation  curves.  The 
calculation  for  the  initial  point  on  the  above  curve  (xs  =  0.5)  gives  1.6990  as  the 
integration  constant.  From  the  vapor-liquid  equilibrium  relation,  when  xn  = 
0.55,  xs  will  be  0.495.  Substituting  this  last  value  of  xs  and  1.6990  as  the  integra¬ 
tion  constant  in  equation  (11)  above  gives  S  =  90.5,  a  value  that  is  identical 
with  that  obtained  above.  The  smaller  number  of  terms  in  this  equation  makes  it 
simpler  to  use,  particularly  when  corresponding  values  of  xs  and  xD  may  be  read 
from  a  vapor-liquid  equilibrium  curve. 


C.  SOLUTIONS  OF  RAYLEIGH  EQUATION  BY  GRAPHIC  INTEGRATION 


If  the  relative-volatility  equation  does  not  correctly  indicate  the  relation 
between  xs  and  xD,  equations  (8)  and  (11)  can  no  longer  be  used  as  illus¬ 
trated  above.  On  the  other  hand,  the  fundamental  equation  (4)  can  be 
used  whether  or  not  the  relative-volatility  relation  is  valid.  In  order  to 
make  the  calculations  in  such  a  case,  the  equation  must  be  expressed  with 
definite  limits  and  signs,  and  with  logarithms  to  the  base  10.  The  result  is: 


log 


St  = 


log  Sc 


l  Cx 

2.303  J  xst 


dx 


xD  —  xs 


(12) 


Here  Sc  represents  the  total  moles  initially  present,  xsc  the  corresponding 
mole  fraction  of  the  more  volatile  component,  and  St  and  xst  the  moles  and 
composition  at  a  particular  time  during  the  distillation. 

For  purposes  of  illustration  the  above  calculations  will  be  repeated.  The  problem 
was  to  obtain  the  curve  for  the  simple  distillation  of  100  moles  of  an  equimolai  bi¬ 
nary  mixture  with  a  constant  and  equal  to  1.25.  In  this  case  Sc  —  100  and  a;,*  — 
0.5.  Values  of  Xp  and  xs  were  obtained  by  solution  of  the  equation. 


=  a  -h—  (13) 

1  -  XD  1  -  Xs 


TABLE  VIII 

Points  on  Distillation  Curve  from  Rayleigh  Equation 


xD 


0.555 

0.500 

.550 

.495 

.  500 

.445 

.450 

.395 

.400 

.347 

tD  —  xt  l/0*£>  xd 

0.055  18.19 

.055  18.19 

.055  18.19 

.055  18.19 

.053  18.85 


Areas 


0.09095 

(xd  =  0.555  to  0.550) 


2.80 

(XD  =  0.555  to  0.40) 
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In  order  to  find  the  value  of  f*“dxj ( xn  —  xs ),  it  is  necessary  to  plot  l/(xD  xs ) 
versus  xs  and  determine  the  areas  under  the  resulting  .curve  and  between  xsc  and 
xu.  Over  the  range  of  values  of  xD  (0.555  to  0.40)  needed  to  repeat  the  above 
calculations,  the  values  are  shown  in  Table  VIII  and  plotted  in  Figure  34.  For 
the  value  of  S  when  xn  =  0.55: 

log  ^  =  2  -  (0.09095/2.303)  =  1.9605 

Sx  =  91.3 

For  the  value  of  S  when  xD  =  0.40: 

log  S2  =  2  -  (2.80/2.303)  =  0.7842 
S2  =  G.09 


0.40 


0.55  0.555 


20 

18 

16 


^  14 
>< 
i 

12 


-  10 


AV.  l/(x0-xs)=  18  52 

Ax  =  0.048 
AREA  =  0.89 


J _ L 


-l - 1 — l_l _ L 


AV.  l/U0-xs)  M8.I9 

Ax  =  0.10 
AREA  =  1.82 


AREA  *  (18. 19) (0.005)  =  0.09095 


0.50 


0.34  0.36  0.38  0.40  0.42  0.44  046  048 

MOLE  FRACTION  MVC  IN  STILL  (xs) 

Fig.  34.  Graphic  integration  of  f[dx,/(xD  -  *,)].  Simple  distillation. 

The  Use  of  equation  (12)  with  values  of  *,  and  xD  from  an  experimenta 
tapoi  liquid  equilibrium  curve  does  not  depend  upon  any  smplifyin, 
a  sa,mp„o„s  except  that  there  is  no  appreciable  holdup  or  fractionation  be 
taeen  still  and  receiver,  so  that  still-product  composition  relations  an 
those  of  the  vapor-1, quid  equilibrium  curve.  Although  there  is  undouh 
ed.y  some  slight  holdup  on  the  upper  walls  of  the  still  and  in  the  contuse, 
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during  ordinary  simple  distillation,  and  slight  fractionation  may  occur, 
these  effects  are  probably  small.  Such  calculations  have  been  regularly 
made  in  connection  with  the  design  and  operation  of  simple  distillation 
apparatus.126  Nomographs  have  been  worked  out  for  the  solution  of  the 
Rayleigh  equation.127 


2.  Curves  for  Fractional  Batch  Distillation  When  Holdup 
Is  Assumed  to  Be  Negligible 

A.  RAYLEIGH  FORM  OF  EQUATION 

The  derivation  of  the  equation  for  the  distillation  curve  for  this  case  is 
almost  identical  with  that  for  simple  distillation.  Consider  any  instant 


MOLE  FRACTION  MVC  IN  DISTILLATE  ( xD ) 


MOLE  FRACTION  MVC  IN  STILL  (*s) 


Fig.  35.  Still-product  composition  curve, 
a  =  1.25,  n  =  10.  Total  reflux. 


Fig.  36.  Graphic  integration  of 
f  [dXs/ixD  -  Xs)  ].  Fractional  distil¬ 
lation.  Ordinate,  1  /{xd  —  xs)- 


during  the  distillation  when  the  mole  fraction  of  the  more  volatile  com¬ 
ponent  in  the  still  is  x,  and  there  are  S  total  moles  of  material  in  the  st  • 
At  this  instant,  assume  that  the  distillate  composition .  u  Xo.  After  £ 
moles  of  distillate  passes  off,  the  total  moles  remaining  in  the  still  will 
“  _  dS,  and  the  composition  in  the  still  will  be  «.  -  dx,;  As  before  equa¬ 
tion  m  is  obtained  which  on  solution  and  integration  gives  the  fundame 

-ay  he  expressed  in  the  form  suitable  for  calcula- 

m  Robinson  and  Gilliland,  Element,  of  Fractional  DiMillaUon.  3rd  ed„  MeGraw-H.il, 
N°.:  N^d’,  Z.Tn, S',  30, 232  <1047,.  Stanton,  39,  ,042  (1947). 
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TABLE  IX 

Points  on  Distillation  Curve  from  Rayleigh  Equation 


XD 

x.t 

0.905 

0.500 

.800 

.295 

.600 

.140 

.400 

.068 

.200 

.023 

*D  ~  x. 

l/O/)  —  xt. 

0.405 

2.466 

.505 

1.98 

.460 

2.174 

.332 

3.015 

.177 

5.65 

Areas 


0.456 

.310 

.187 

.195 


tion  (equation  12)  and  evaluated  graphically  by  use  of  still-product  com¬ 
position  curves  (xg,  xD  curves)  such  as  Figures  18-20,  22,  and  23.  The 
method  is  essentially  the  same  as  that  given  above  and  may  be  illustrated 
by  calculation  of  the  curve  for  fractional  distillation  in  the  case  when  Sc  = 
100,  xsc  =  0.5,  and  the  still-product  relations  are  those  given  in  Figure  35. 
The  details  of  the  calculation  are  given  in  Table  IX  and  Figure  36.  The 
resulting  distillation  curve  is  plotted  in  Figure  37. 


Fig.  37.  Distillation  curve  calculated  for  Sc  -  100  and  *se  =  0.5.  Still-product 

composition  as  in  Figure  35. 


rfthe  graphiC  pr0Cedure  for  5imP‘e  distillation,  this  method  involves 

,b,.. . . . . . . . 
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toluene  and  benzene-ethylene  dichloride  mixtures  gave  good  agreement 
(Fig.  38)  between  the  experimental  batch-distillation  curves  and  those 
calculated  by  the  above  graphic  method.  Since  the  validity  of  the  methods 
of  calculating  distillate  compositions  from  still  composition  has  been  well 
tested  in  the  design  and  operation  of  continuous  columns,  such  agreement 
is  not  surprising  when  holdup  is  but  a  few  per  cent  of  the  charge.  The 
important  results  from  calculations  of  batch-distillation  curves  of  the  pre¬ 
ceding  types  are  their  approximate  predictions  of  behavior  in  actual  dis¬ 
tillation,  and  their  general  information  as  to  the  probable  effect  of  the 


FRACTION  DISTILLED 

Fig.  38.  Calculated  ( - )  and  experimental  (— )  curves  for  batch  fractional  dis¬ 

tillation  of  benzene  -  ethylene  dichloride  (A)  and  benzene-toluene  (B).133 

various  process  variables.128  Complete  agreement  between  expeiiment 
and  the  simplified  theory  cannot  be  expected  for  the  various  reasons 
previously  mentioned.  These  may  be  summarized  as  follows: 

(1)  Even  at  low  holdup  there  is  some  effect  of  the  gradual  change  of 
composition  which  is  ignored  by  the  simplified  theory,  (ft)  There  is  an 
inherent  variability  and  difficulty  in  controlling  batch-distillation  opera¬ 
tions.  (5)  The  simplified  theory  assumes  finite  reflux  conditions  from  the 
very  start,  whereas  most  actual  batch  distillations  are  at  total  reflux  just 
before  the  first  portion  of  distillate  is  withdrawn.  U)  The  simplified  the¬ 
ory  neglects  the  effect  of  reflux  ratio  on  H.E.T.P.,  and  also  the  similar  effect 
of  composition  (slope  of  equilibrium  curve).  (5)  The  usual  simplifying 
assumptions  are  always  a  possible  source  of  discrepancies. 

128  Smoker  and  Rose,  Trans.  Am.  Inst.  Chem.  Engrs.,  36,  285  (1940).  Rose,  Ind.  Eng. 
Chern.,  33,  594  (1941).  Rose  and  Long,  ibid.,  33,  084  (1941). 
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B.  ALGEBRAIC  FORMS  BASED  ON  ASSUMPTION  OF  TOTAL  REFLUX 

In  the  theoretical  analysis  of  fractional  batch  distillation,  it  is  not  possible 
to  reduce  equation  (4)  to  a  completely  integrated  algebraic  expression  as 
was  done  for  simple  distillation.  This  is  due  to  the  fact  that  the  equations 
relating  xD  and  xs  at  partial  reflux,  such  as  the  Smoker  equation,  are  so 
complicated  that  their  use  to  eliminate  xs  from  the  equation  leads  to  ex¬ 
pressions  that  could  not  be  integrated.  Similar  difficulties  are  encountered 
with  the  analogous  formulas  that  might  be  obtained  from  the  relations 
discussed  in  Section  IV.  By  making  the  restrictive  simplifying  assumption 
that  still  and  distillate  compositions  are  related  by  the  Fenske  equation  for 
total  reflux  (14,  page  41)  it  is  possible  to  reduce  equation  (4)  to  completely 
integrated  algebraic  equations: 

log  S  =  — - -  { log  xD  -  an  log  (1  -  xD)  + 

or  —  1 

( 0Ln  ~  1)  log  [an  -  xD  (an  -  1)]}  +  kD  (14) 

,  „  1 

log  S  =  lloS  x*  ~  aK  loS  (!  “*.)]  +  K  (15) 


_  kgx/^  •*  __  kDx))^a  l)[o/.n  —  xD(an  —  1)] 

'  (1  -  ”  (i  _  Xd)^~' r 


(16) 


where  kD  and  ks  are  integration  constants.  The  method  of  deriving  these, 
and  also  their  use  for  calculating  actual  curves,  are  analogous  to  the  corre¬ 
sponding  case  for  simple  distillation,  since  the  Fenske  equation  and  the 
relative-volatility  equation  are  similar  in  form. 

Typical  curves  represented  by  the  above  equations  are  given  in  Figure  39. 
ese  have  been  calculated  for  the  fractional  distillation  of  100  moles  of  an 
equimolar  mixture  under  circumstances  in  which  and  are  related  bV 
the  Fenske  equation  with  a*  equal  to  1.25  and  9.313.  The  shape  of  the 
bieak  in  a  curve  is  entirely  dependent  on  the  value  of  a"  and  not  on  partic¬ 
ular  values  of  or  and  n  themselves.  Thus  curve  B  of  Figure  39  is  obtained 

°25aandV»  -"IQ  “  is  9'313-  Such  combinations  as  a  = 

1,zo  ancl  n  —  10,  a  =  1.28  and  n  =  9,  a  =  1  32  nnd  «  _  q  . 

the  same  curve  B.  It  must  be  strongly  emphasized  that  these  r  ^ 

based  on  the  simplifying  assumptions  of  negligible  holdup  and  tV  "Vr"" 

of  the  Fenske  equation.  The  latter  is  otJeti  r  P  d  the  valldl‘y 

reflux,  and  to  mixtures  in  which  the  variation  in  restive  ToUtilitv1- 
excessive.  The  curves  of  Figure  39  and  other  curves  l  a  la  d  , T 
equations  on  which  it  is  based  (see  nave  im\  ..  .  CUlated  the 

actual  sharpness  of  separation,  but  only  the  limitimV  fle  lepresent  n°t 
sible  separation,  for  mixtures  in  which 
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This  sort  of  information  is  useful  when  a  sharp  separation  is  desired,  since 
it  leads  either  to  the  immediate  and  definite  rejection  of  the  column,  or  the 
knowledge  that  the  desired  result  may  be  approximated  by  sufficiently  high 
reflux  with  the  apparatus  at  hand.  The  equations  and  curves  are  also  use¬ 
ful  in  suggesting  the  general  nature  of  the  relations  between  relative  vola- 

\ 


Fig.  39.  Distillation  curves  calculated  for  Sc  =  100,  xsc  —  0.5  and:  (A)  an  —  1.25; 

(B)  an  =  9.313. 


tifity,  maximum  sharpness  of  separation,  and  minimum  number  of  plates. 
Kuhn129  has  proposed  a  different  method  for  predicting  the  course  of  a 
distillation  when  reflux  ratio  is  very  large  and  holdup  is  negligible. 


C.  RAYLEIGH  EQUATION  FOR  MULTICOMPONENT  MIXTURES 

The  Rayleigh  equation  may  also  be  written: 

log  (A  \/Ai)  =  a  log  (B1/B2)  (1") 

where  Ai  and  A2  are  the  moles  of  component  A  in  the  still  at  two  different 
times  during  the  batch  distillation,  and  Ri  and  B2  have  a  similar  meaning 
for  a  second  component.  In  this  form  the  equation  is  applicable  to  any 
pair  of  components  in  a  multicomponent  mixture.  1  he  validity  ol  the 
equation  depends  upon  Dalton’s  law  of  partial  pressures,  as  well  ason  con¬ 
stant  relative  volatility,  as  indicated  in  the  following  derivation.  The  rcla- 
tive  volatility,  a,  may  be  expressed 


a  = 


pA  /  h  _  PVa  VVb 
Xa  *  b  x  a  /  Xs 


(18) 


12s  Kuhn,  Helv.  Chirn.  Acta,  29,  26';(1946). 
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where  pA  and  pB  are  the  partial  pressures  of  components  A  and  B,  respec¬ 
tively,  when  the  corresponding  mole  fractions  are  xA  and  xB,  and  p  is  total 
pressure,  while  yA  and  yB  are  the  mole  fractions  of  A  and  B  in  the  vapor. 
This  relation  will  apply  to  the  formation  of  a  differential  quantity  of  vapor 
from  a  complex  liquid  mixture  whose  composition  may  be  expressed  in  part 
as: 

xA  =  A/(A  +  B  +  C  +  ..JV)  (19) 

a:*  =  B/(A  +  B  +  C  +  ...AO  (20) 


where  A,  B,  C,  . .  .N  refer  to  the  moles  of  the  various  components  present. 
The  composition  of  the  differential  quantity  of  vapor  is: 


dA 

V!U  ~  V  dA  +  dB  +  dC  +  . .  .dN 

(21) 

dB 

V!,B  ~  V  dA  +  dB  +  dC  +  . .  .dN 

(22) 

Substitution  of  these  values  in  the  relative-volatility  expression  gives: 

_  dA  jdB  _  dA  I A 

A  /  B  ~  dB  /  B 

(23) 

or: 

dA/A  =  a(dB/B) 

(24) 

This  may  be  integrated  to  give : 

Jog  A  =  a  log  B  -f-  (log  A0  —  a:  log  B0) 

(25) 

where  A0,  B0,  are  moles  of  A  and  B  at  a  time  of  reference, 
quently  used  form  of  this  relation  is: 

The  more  fre- 

i  Al  .  Bi 

1()g  J-  =  a  log  — 

A2  B-> 

(26) 

3.  Curves  Calculated  by  Stepwise  Method 

An  approximate  batch-distillation  curve  may  also  be  obtained  without 

°,  C*  culus  bJ  employing  a  stepwise  method  of  calculation  130  This 

nw  be  .Hustled  by  carrying  out  the  procedure  for  frac  It  L.  illat  on 

of  00  moles  of  an  equimolar  mixture  with  relative  volatility  T 

and  equal  to  1.25.  These  are  tVio  ....  atility,  a,  constant 

ne.e  are  the  same  conditions  as  for  the  example  given 

“  Itose  and  Welshans,  lnd.  Eng.  Chem.,  32.  671, 672  (1940). 
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on  page  104,  and  comparison  of  the  methods  and  resulting  curves  may  be 
made. 


It  is  assumed  at  the  start  that  the  distillation  is  to  be  carried  out  by  allowing  dis¬ 
tillate  to  flow  through  a  cup  in  or  just  below  the  condenser,  and  that  the  contents  of 
this  cup  are  removed  from  time  to  time.131  If  the  cup  holds  5  moles  of  material, 
then  at  the  time  of  the  first  removal  of  distillate,  a  material  balance  of  the  more 
volatile  component  gives: 

(100)  (0.5)  =  95*!  +  5yx 
If  the  Fenske  equation  is  applicable: 


and  therefore: 


V  i  = 


anXi 
1  +  *i  (an 


1) 


50  =  95*i  +  5 


anx  x 

T  +  *,(«"  -  l) 


This  gives  *i  =  0.479  and  therefore  yi  =  0.897,  the  latter  being  the  composition  of 
the  first  portion  of  distillate  removed.  This  is  plotted  in  Figure  40. 


After  removal  of  the  first  portion  of  distillate  the  cup  will  again  fill  up,  and  a 
second  portion  of  distillate  will  be  removed  after  the  appropriate  time  interval, 
material  balance  now  gives: 

a"*2 

95*i  =  90*2  +  5  i/2  =  90*2  +  5  ^  +  ^a»  __  ^ 

...  Fenske,  in  Science  of  Petroleum.  Oxford  Univ.  Press,  New  York,  1038,  pp.  1050 
and  1660. 


I.  THEORY 


111 


so  that  the  composition  y2  of  the  second  5%  of  distillate  may  be  calculated  and 
plotted.  This  is  repeated  step  by  step  to  obtain  a  graph  as  in  Figure  40. 

The  method  is  similar  to  that  used  in  the  derivation  of  the  Rayleigh 
equation,  except  that  in  the  present  case  a  finite  quantity  of  distillate  is  re¬ 
moved.  If  these  finite  quantities  of  distillate  are  made  very  small,  the 
stepwise  curve  approaches  the  Rayleigh  curve.  The  labor  of  the  stepwise 
calculations  is  considerable,  and  errors  are  cumulative  and  may  become 
serious  after  a  number  of  steps.  Nevertheless  the  method  is  not  always  at  a 
disadvantage  compared  with  the  graphic  Rayleigh  procedure.  Compara¬ 
tive  calculations  are  an  excellent  way  of  building  up  confidence  and  appre¬ 
ciation  of  the  power  of  calculus  as  an  analytical  tool. 


4.  Curves  Calculated  from  Minimum  Reflux  (Infinite  Plates)  and  Henry’s 

Law  Equations 

When  distillation  is  at  finite  reflux  and  with  such  a  large  number  of  plates 
that  the  difference  between  still  and  distillate  composition  is  independent 
of  the  number  of  plates : 


-  ys)/ (xD  -  xs )  =  L/V  (27) 

(see  also  beet.  III2C3).  Colburn  and  Stearns132  substituted  this  relation 
in  equation  (4)  and  obtained : 


In  S 


1  ~  (L/V) 

a  —  1 


[In  xs  -  a  In  (1  -  a,)]  +  kr 


(28) 


where : 


Vs  = 


ax* 


1  +  (a  —  1) 


x* 


and  k,  is  the  integration  constant.  They  also  derived  the  corresponding 
IZZin:  ""  °f  di'Ute  SOlUti0DS  ”  "'hich  y>  =  (Henry’s  law) 


In 


5  =  1  ~  L/V  f  —  ~  1  ~  L/V 


k 


H 


X* 


i.  i  ^  xs  -f-  k i 

Kff  —  i 


(29) 


which  may  be  written: 


i-q/n 

kn-1 


Si/s2  =  (xSi/xs) 

For  the  case  in  which  Henry’s  law  is  applicable  but 
are  not  satisfied: 


(30) 

infinite  plate  conditions 


xd  —  (kH)nxs 

Colburn  and  Stearns,  Tran,.  Am.  Inst.  Chem.  Engrs.,  37,  291  (1941). 


(31) 
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and : 


or : 


log  S 


log  x, 
(kH)*  -  1 


+  kj 


(33) 


5.  Calculation  and  Determination  of  Holdup 

The  preceding  derivations  and  equations  have  all  assumed  negligible 
holdup.  The  results  are  of  interest  in  many  connections  because,  in  actual 
distillation,  holdup  is  often  so  small  that  it  may  be  neglected.133  It  is  how¬ 
ever  desirable  to  analyze  the  batch-distillation  process  for  cases  in  which 
holdup  must  be  taken  into  consideration.  The  general  method  of  approach 
is  similar  to  that  already  discussed,  but  the  basic  material-balance  equa¬ 
tions  must  be  modified  to  include  the  quantity  of  a  particular  component 
present  in  the  column  as  holdup.  It  is  also  desirable  to  know  the  total 
holdup.  Very  little  experimental  information  along  these  lines  is  avail¬ 
able,  but  some  general  observations  and  calculations  are  of  interest.134 


A.  HOLDUP  OF  MORE  VOLATILE  COMPONENT 

The  simplest  situation  is  that  in  a  plate  column  in  which  the  total  holdup 
per  plate,  Hh  is  the  moles  of  material  actually  on  and  over  any  plate.  The 
holdup  in  moles  of  one  component,  hu  is  then  given  in  terms  of  its  mole 

fraction,  a q: 


hi  =  HiXi 


(34) 


In  many  cases  the  volume  of  holdup  per  plate  will  be  constant  from  plate  to 
nlate  and  from  time  to  time  throughout  a  hatch  distillation.  The  mass  of 
holdup  and  the  total  moles  of  holdup  are  subject  to  variations  due  to  density 
and  molecular-weight  differences,  but  it  is  convenient  to  ignore  these  for 
the  li resent  in  order  to  keep  this  preliminary  discussion  as  simple  as  possible. 
On  this  basis  the  total  moles  of  the  more  volatile  component  of  a .binary 
mixture  present  as  holdup  in  a  plate  column  during  a  batch  distillation 

would  be  approximately: 


h 


=  H\Xi  +  H2X2  4"  H3X3  +  •••  H  nxn 


(35) 


».  Smoker  and  Rose,  Tram.  Am  ImU Edgeworth-John- 
...  Rose,  Welshans,  and  Long,  673  (19J  ,q44)g 

stone  ibid.,  35,  407  (1943).  Edgeworth-Johnstone,  36,  (1. 
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or,  if  Hi  =  H2  =  H3,  ...  =  Ht  moles  of  total  holdup  per  plate: 

h.  =  Hij:Xi 

i  =  i 

If  H  is  the  moles  of  total  holdup  in  the  entire  column : 

i  =  n 

Hi  =  H/n  and  h  =  H/n  xt 

»  =  1 


(36) 


This  reasoning  is  given  in  diagrammatic  form  in  Figure  41.  The  com¬ 
positions  of  the  liquid  on  the  several  plates  (xh  x2,  x3,  etc.)  will  change  as 
the  batch  distillation  progresses,  so  that  the  actual  values  in  any  case  of 


PLATE  NUMBER 
COUNTING  FROM 
BOTTOM 


COMPOSITION 

ON 

PLATE 


*5 


*4 


*3 


*2 


*1 


Fig.  41.  Holdup  of  more  volatile  component  in  plate  column.  Total 
size  of  block  represents  total  holdup  on  plates.  Shaded  portion  repre¬ 
sents  holdup  of  more  volatile  component. 


interest  must  be  obtained  by  the  equations  or  graphs  (Sect.  Ill)  showim 
composition  from  plate  to  plate. 

cent  twT  ^  PaCk6d  C0'Umn’  a  some'vhat  situation  exists  ex. 

f  C°mp0S1,ti0n  of  the  licluid  *  gradual  instead  o: 

refer  to  rtn  P§  °"r  °n6  pUte  ‘°  the  next"  In  this  H,  and  h 
refer  to  the  holdup  per  theoretical  plate.  The  situation  is  representer 

rap  tea  y  in  Figure  42,  which  leads  to  the  approximate  equations: 


or,  in  general : 


hi  -  #1X0.5,  h2  =  #2z15)  hz  =  h3x2'5... 


.5) 


(37) 


114 


A.  AND  E.  ROSE 


where  x(l-_0.5)  signifies  the  composition  one-half  theoretical  plate  below  i 
plates  from  the  still.  Then: 

i  =  n 

h  =  H/n  Y  X(i- 0.6)  (38) 

»=i 

where  H  is  total  holdup  of  all  components,  n  is  the  number  of  theoretical 
plates  corresponding  to  the  difference  in  composition  between  the  still  and 
the  liquid  at  the  top  of  the  packing,  and  x  is  the  mole  fraction  of  the  more 
volatile  component  in  the  holdup  at  various  distances  from  the  base  of  the 
column,  as  indicated  in  the  subscript. 


DISTANCE 

FROM 

STILL 


LIQUID  COMPOSITION 
LIQUID  VS. 

COMPOSITION  POSITION  IN 
COLUMN 


Fig  42.  Holdup  of  more  volatile  component  in  packed  column, 
blocks  and  shading  as  in  Figure  41. 


H4 


*3 


h2 


H, 


Total 


The  preceding  expression  for  h  is  slightly  in  error  for  several  reasons. 
These  are'  (1)  The  total  holdup,  Hi,  in  the  lowest  section  of  the  column  is 
probably  always  appreciably  less  than  that  in  the  other  sections  higher  up 
since  the  lowest  section  includes  the  upper  portion  of  the  still.  The  total 
holdup  per  theoretical  plate  may  also  vary  in  the  remainder  of  the  column. 
Specific  experimental  data  are  required  in  order  to  correct  lor  these  eirois. 
(g)  The  expression  assumes  that  the  vapor  at  any  point  has  the  same  com¬ 
position  as  the  liquid.  The  vapor  is  a  minor  proportion  of  the  total  holdup, 
and  an  expression  for  it  similar  to  the  above  may  be  derived  only  with  con¬ 
stable  increase  in  complexity.  (3)  The  holdup  m  the  condenser  is  not 
included.  U)  The  values  used  in  the  above  expression  are  not  the 
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correct  average  compositions  unless  the  change  in  composition  with  dis¬ 
tance  up  the  column  is  a  straight-line  function.  This  is  generally  not  true. 

The  first  three  of  these  sources  of  error  are  neglected  in  the  subsequent 
discussion.  The  fourth  is  eliminated  by  deriving  an  expression  in  terms  of 
very  short  units  of  height.  Thus  if  the  sections  are  made  0.1  of  the 
H.E.T.P.  in  height,  the  expression  for  h  becomes: 

i  =  n 

h  =  ho  i  +  ho'2  “I"  hoz  T  •  •  •  =  ^2  hi 

i  =  0.1 

(by  tenths) 

where  Ht  and  ht  now  signify  the  holdup  in  0.1  H.E.T.P.  Since: 

hi  =  o.o5) 

h  =  H0'1Xq  os  T  H0.2Xo.ib  T"  Ho.zXo.2b  T*  •  •  ■ 

If,  as  before,  the  total  holdup  is  uniformly  distributed : 

Ho.i  =  H0.2  ~  Ho.z  —  (H/ri)  (1/10) 

then: 


h  = 


(H/n) (1/10)  z(t-_0.05) 

i  =  0.1 

(by  tenths) 


which  is  nearly  equal  to : 


i  =  n 


(H/n)  (1/10)  E  x, 


i  =  0.1 

(by  tenths) 


If  instead  of  tenths  the  sections  are  made  still  smaller,  the  difference  be- 
tv  een  the  two  forms  in  the  above  equation  becomes  negligible.  When  the 
sections  are  made  of  a  very  small  height,  Az,  where  i  represents  distance  up 
the  column  in  terms  of  H.E.T.P.  units,  the  last  expression  becomes: 


h  =  (H/ri)  Az  x  x,  =  (H/n)  y;i=* 


t  =  0 


Xtdi 


(39) 


n  most  instances  it  is  necessary  to  obtain  the  value  of  the  above  exnres- 

distill.-o  i  S'apfllc  mr“S, .  An  :llsebraic  solution  is  possible  in  the  case  of 
the  1  a  °n  ?  an  ld?  blnary  m,xture  under  total  reflux.  In  such  a  case 

ssr in  the — 


Xi 


=  a1 


X, 


Xi 


1  —  x. 


(40) 
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or: 


Xi  =  (a1xs)/(  1  —  xs  +  alxs)  (41) 

If  for  convenience: 


then : 


6  =  (1  —  xs)/xs 


Xi  =  a1/ (6  4“  a1) 


Fig.  43.  Composition  of  liquid  holdup  at  various 
distances  from  base  of  column. 


Equation  (39) 
comes: 


h  =  ( H/n ) 


for  the  holdup  of  the  more  volatile  component135  now  be- 

log  [1  +  xs(a"  —  1)1  (42) 


ri=n  a » 

J..»  b  + 


di  =  (H/n) 


a 


log  a 


or: 


h 


H ,  (l-x, 

=  -los 

n  \ 


+  an 


log  a  +  integration  constant  (43) 
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The  use  of  both  the  graphic  method  and  the  equations  may  be  illustrated  as 
follows:  The  graph  of  Figure  43  represents  the  composition  of  the  liquid  in  various 
parts  of  a  thirty-plate  column  during  distillation  of  a  mixture  with  a  =  1.25,  and  at 
a  time  when  the  still  composition  is  xs  =  0.5.  The  values  of  xt  were  calculated  by 
equation  (41),  where  i  was  given  the  successive  values  1,  2,  3,  etc.,  up  to  30. 
By  counting  squares  to  the  right  of  the  curve  in  Figure  43,  values  for  the  holdup  of  the 
more  volatile  component  in  that  part  of  the  column  corresponding  to  any  plate  or 
plates  may  be  determined.  For  the  lowest  ten  plates  the  area  is  7.348.  Thus  the 
holdup  of  the  more  volatile  component  for  these  ten  plates  is,  from  equation  (39), 
(///10)7.348.  If  the  total  holdup  for  this  ten-plate  column,  H,  is  10  moles,  h  = 
7.348  moles.  If  equation  (43)  is  then  solved  with  the  values  for  the  base  of  the 
column  ( xs  =  0.5,  n  =  0,  an  =  1,  and  H/n  =  1),  the  integration  constant  is  —  log 
(1  +  l)/log  1.25  =  —3.11.  When  n  =  10: 


h  = 


log  (1  +  1.2510) 
log  1.25 


—  3.11  =  7.36  moles 


The  graphic  information  on  variation  of  composition  from  point  to  point 
in  a  column,  as  given  in  Section  III,  may  be  used  in  a  similar  manner  to 
estimate  the  holdup  of  a  given  component  at  either  total  reflux  or  finite 
reflux.  The  algebraic  solutions  given  above  are  not  applicable  at  finite  re¬ 
flux  because  of  the  use  of  the  Fenske  equation.  By  substituting  the  Smoker 
equation,  it  might  be  possible  to  derive  equations  for  calculating  the  holdup 
of  one  component  at  finite  reflux.  Such  equations  would  be  complex  and 
subject  to  many  simplifying  assumptions.  It  is  preferable  to  employ 
graphic  methods  for  this  purpose. 


B.  TOTAL  HOLDUP 

All  the  preceding  discussion  has  dealt  with  methods  of  obtaining  the 
holdup  of  one  component.  These  methods  required  the  amount  of  the  total 
o  dup  as  well  as  the  assumption  that  it  was  uniformly  distributed.  No 
experimental  work  has  been  published  on  the  uniformity  of  distribution  of 
holdup  in  packed  columns,  but  total  holdup  may  be  estimated  in  several 

r?ryJr0U?h  est,Imate  may  be  stained  by  allowing  the  mixture  to 
ist  died  to  drip  into  the  packed  section  of  the  column  from  its  top  at  the 
late  to  be  used  during  the  distillation.  When  the  packing  seems  to  be 
uniformly  saturated,  the  process  is  stopped  and  the  packed  section  is 
drained  into  a  measuring  flask.  The  liquid  so  obtained  is  called  the  holdup 
his  method  gives  serious  errors  because  temperature  and  therefore  vis 

also  heTd  _SUrface  tensl0‘*  are  different  from  those  of  actual  distillation,  and 
au^e  an  appreciable  amount  of  liquid  remains  on  the  packing'  (the 


135  R°se’  Welshans>  and  bong,  Ind.  Eng.  Chem.,  32,  673  (1940). 
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static  holdup)  and  is  not  measured.  In  addition  there  is  an  error  due  to 
absence  of  the  countercurrent  gas  stream. 

Some  of  these  disadvantages  may  be  avoided  by  measuring  the  quantity 
of  material  in  the  column  during  actual  distillation  by  one  of  the  following 
methods.  Distillate  may  be  removed  until  the  still  pot  is  just  dry,  when 
distillation  is  stopped  and  the  still  heat  cut  off.  The  bulk  of  the  holdup 
then  drains  into  the  still  pot  where  its  amount  is  measured.  Corrections 
should  be  made  for  the  vapor  in  the  still  pot  if  this  is  large,  and  for  the  static 
(nondrainable)  holdup.  The  former  may  be  estimated  from  its  volume, 
and  the  latter  may  be  removed  and  collected  by  passing  a  stream  of  warm 
inert  gas  through  the  column.  An  alternative  method  for  measuring  the 
liquid  static  holdup  is  to  pour  a  known  quantity  of  test  liquid  into  the  top 
of  the  column  and  note  the  amount  of  this  that  fails  to  drain  up  to  the  time 
the  rate  of  drainage  becomes  negligible. 

A  calibrated  collection  tube  and  valve  may  be  placed  in  a  liquid  return 
line  from  base  of  column  into  the  still  pot  and  vapor  passed  through  a  second 
separate  line  also  containing  a  valve.  Total  holdup  may  then  be  deter¬ 
mined  by  simultaneously  closing  the  valves  in  the  liquid  and  vapor  lines, 
measuring  the  quantity  of  liquid  that  collects  in  the  collection  tube,  and 
adding  to  it  the  static  holdup  of  the  column. 

The  most  practical  way  to  determine  total  holdup  is  to  introduce  with 
the  charge  a  small  amount  of  inert,  soluble,  nonvolatile  material  whose  con¬ 
centration  can  be  easily  determined.136  When  heat  is  applied  to  the  charge 
and  the  system  brought  to  equilibrium  under  total  reflux,  the  concentration 
of  the  nonvolatile  material  in  the  still  pot  will  be  increased  because  some  of 
the  volatile  material  has  entered  the  column  as  reflux  or  holdup.  The 
following  equations  may  be  set  up.  The  original  concentration  of  the  non¬ 
volatile  material  is: 


w/(Cw  +  iv)  =  ai  or  w  =  ax{Cw  +  w)  (44) 

where  w  is  the  weight  of  nonvolatile  material  introduced  into  the  charge, 
C  is  the  weight  of  the  volatile  charge,  and  ax  the  weight  fraction  of  the 
nonvolatile  material  in  the  charge.  The  concentration  of  nonvolatile 
material  after  equilibrium  is  reached  at  total  reflux  is. 

w/(Cw  +  w-  Hw)  =  (h  or  w  =  a2(Cw  +  w-  Hu)  (4o) 

where  a2  is  the  concentration  of  nonvolatile  material  m  the  still  after  equi¬ 
librium  is  reached  and  Hw  the  weight  of  volatile  material  present  as  holdup. 

Since  w  is  the  same  in  both  cases : 

ai(Cw  +  w)  =  a2(Cw  +  w  —  Hw)  (4C) 

136  Tongberg,  Quiggle,  and  Fenske,  Ind.  Eng.  C hem.,  26,  1213  (1934). 
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(a1/a2)(Cw  +  v>)  —  (Cw  +  w)  —  Hw  (47) 

H„  =  (C.  +  u>)  (l  -  -)  (48) 

The  same  type  of  calculation  may  be  made  after  a  weight,  Dw,  of  distillate 
is  removed,  because  the  new  concentration  of  nonvolatile  material  in  the 
still  is  then : 

w/{Cw  +  w  —  Hw  —  Dw)  =  a3  (49) 

and: 

(C„  +  w)(ai/a3)  =  Cw  +  w  —  Dw  —  Hw  (50) 

Thus : 

H.  =  (C.  +  w)(l-  ^)  -  D.  (51) 


By  taking  samples  from  the  still  at  intervals  during  the  distillation,  the 
holdup  may  be  followed  throughout  a  distillation.  A  good  choice  for  an 
inert,  soluble,  nonvolatile  material  for  hydrocarbon-distillation  studies  is 
stearic  acid,  which  can  be  easily  determined  by  evaporation  of  the  volatile 
components  or  by  titration  with  a  base,  provided  that  rust  or  similar  mate¬ 
rial  does  not  react  with  part  of  the  stearic  acid.  A  nonvolatile  fraction  of 
rosin  oil  has  also  been  used  successfully,  analysis  in  this  case  being  either  by 
means  of  optical  rotation  or  refractive  index.  Since  the  composition  of 
rosin  oil  varies  from  batch  to  batch,  it  is  important  that  the  relation  be¬ 
tween  composition  and  optical  rotation  or  refractive  index  be  confirmed  for 
each  batch. 

When  optical  rotation  or  refractive  index  is  used  for  the  analysis,  it  is 
necessary  that  the  volatile  material  in  the  pot  consist  of  a  single  component  , 
but  analysis  by  titration  or  evaporation  and  direct  weighing  permits  the  use 
of  a  mixtuie.  The  latter  is  the  only  condition  corresponding  to  actual 
operation.  Whichever  procedure  is  used,  a  material  balance  should  be 
made  on  both  the  volatile  and  nonvolatile  components,  to  assure  absence  of 
errors  from  leaks  or  other  losses.  Examples  of  the  last  are  the  reaction  of 
stearic  acid  with  rust  in  an  iron  pot,  and  the  carbonizing  of  the  nonvolatile 
material  due  to  overheating  a  dry  section  of  the  still  pot. 


c.  DIRECT  DETERMINATION  OF  HOLDUP  OF  INDIVIDUAL  COMPONENT 

This  may  be  determined  for  a  binary  mixture  by  analysis  both  before  and 
holdup  enters  the  column,  and  when  nonvolatile  additive  is  absent. 
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but  total  holdup  is  known.  A  material  balance  of  the  more  volatile  com¬ 
ponent  gives: 

W%WC  (X  ID  1 1  id)  •f'tcO  “b  //  to%wh  (52) 

in  which  xwh  is  the  average  weight  fraction  of  the  more  volatile  component 
in  the  holdup.  Cw,  the  weight  of  the  charge,  xwc,  its  composition,  and  xwo, 
the  composition  of  the  still  contents  after  holdup  has  entered  the  column, 
can  be  determined  experimentally.  There  are  no  published  applications  of 
this  procedure,  but  it  is  an  excellent  tool  for  checking  other  calculated 
values  of  holdup  and  the  concepts  on  which  they  depend.  Colburn  and 
Stearns137  have  used  a  closely  related  procedure. 


D.  FACTORS  DETERMINING  TOTAL  HOLDUP  IN  A  PACKED  COLUMN 


The  experiments  of  Jesser  and  Elgin138  showed  that  in  packed  towers  the 
liquid  holdup  is  an  exponential  function  of  liquid  velocity  and  the  exponent 
is  essentially  the  same  for  any  one  type  of  packing.  Change  of  holdup  with 
variation  in  specific  surface  tension,  specific  gravity,  and  relative  viscosity 
of  the  liquid  was  also  an  exponential  function.  This  was  the  same  for  all 
types  of  packing,  and  for  constant  specific  gravity  and  relative  viscosity, 
it  was  independent  of  liquid  velocity. 

6.  Curves  for  Fractional  Batch  Distillation  When  Holdup  Is  Appreciable 

When  holdup  is  appreciable,  the  theoretical  relations  of  batch  distillation 
are  sufficiently  complex  so  that  no  simple  methods  of  prediction  have  been 
developed.  Three  different  approaches  have  been  used.  The  first  is  ex¬ 
tension  of  the  Rayleigh  equation  with  inclusion  of  terms  to  represent 
column  holdup.  The  form  of  the  general  equation  may  be  obtained  as 
shown  later,  but  numerical  solution  is  impossible  because  there  is  no 
method  of  predicting  the  still-product  composition  curves.  A  second 
approach  involves  setting  up  differential  equations  for  composition  of  the 
distillate,  still  liquid,  and  liquid  on  each  plate  of  the  column,  as  functions  of 
the  fraction  distilled.  The  algebraic  solution  of  such  equations  is  probably 
impossible,  and  even  approximate  numerical  solutions  are  very  laborious. 
Some  progress  has  been  made  through  use  of  a  differential  analyzer  The 
third  approach  is  by  stepwise  plate-to-plate  calculations,  also  exceedingly 
laborious  Some  details  of  each  of  these  methods  are  discussed  in  turn. 


A.  GENERAL  EQUATION  BY  EXTENSION  OF  RAYLEIGH  EQUATION 

The  form  of  a  general  equation  for  batch  fractional  distillation  may  be 
derived  by  extension  of  the  material-balance  procedure  introduced  by 


137  Colburn  and  Stearns,  Trans.  Am.  Inst.  Chem.  Engrs., 

138  Jesser  and  Elgin,  Trans.  Am.  Inst.  Chem.  Engrs.,  39, 


37,  291  (1941). 
277  (1943). 
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Young  and  by  Rayleigh.139  Since  complete  experimental  data  are  lacking 
on  the  variation  of  H.E.T.P.  values  along  the  length  of  a  column,  and  also 
on  the  distribution  of  holdup,  and  in  order  to  take  care  of  all  possible  \aii- 
ations  in  these  factors,  the  generalized  expression: 

h  =  fh{xt. . .)  (53) 

can  be  used  to  represent  the  holdup  of  the  more  volatile  component  in  the 
column.  This  is  analogous  to  the  equation : 

h  _  H  log  [1  +  xs{an  -  1)] 
n  log  a 

used  for  expressing  holdup  of  the  more  volatile  component  in  the  derivation 
of  equation  (43).  Similarly,  the  relation  between  product  and  still  com¬ 
position  iyill  also  be  used  in  the  generalized  form : 

xD=fn(xt...)  (55) 

so  that  the  derivation  will  not  be  limited  by  the  simplifying  assumptions 
used  in  calculating  distillate  and  column  compositions  from  still  composi¬ 
tion.  This  latter  general  relation  is  analogous  to  the  Fenske  equation : 


xD  =  anxs/(  1  —  xs  +  anxs ) 


(56) 


The  derivation  of  the  general  equation  for  a  batch-fractionating  curve 
involves  a  material  balance  just  before  and  after  the  removal  of  a  very  small 
quantity,  A D  =  dS,  of  distillate,139  similar  to  that  used  in  the  simpler  cases 
already  discussed.  This  gives: 

$xs  +  fh(xs.  •  •)  +  Hcxd  =  ( xs  —  dxs)(S  —  dS )  + 

Mx,  -  dxs. . .)  +  xDd.S  +  (xD  -  dxD)Hc  (57) 

In  this  equation  Sxs  represents  moles  of  more  volatile  component  present  in 
the  still  just  before  removal  of  the  small  quantity  of  distillate,  and  (xt  - 
dxs)(S  —  dS)  represents  the  moles  of  the  same  component  just  after  the  re¬ 
moval.  The  quantities  fh(x,. . .)  represent  the  moles  of  the  more  volatile 
component  present  as  holdup  in  the  column,  while  HcxD  and  Hc{xD  -  dxD) 
are  the  moles  of  the  more  volatile  component  in  the  condenser.  When 
terms  are  transposed  and  multiplied  out,  and  the  second  differential  dxsdS 
is  dropped  out  as  being  negligible,  the  equation  becomes: 


fh(xs  dxs..)  fh{xg...) 
dxs 


dS 

Xs  ~  +  S 
dx. 


dS  dxD 

xD  —  +  Ha  (58) 


dxx 


dx. 


The  quantity  on  the  left  side  is  by  definition  equal  to  -/£(*,...)  where 
139  Rose,  Ind.  Eng.  Chem.,  32,  675  (1940). 
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piime  signifies  the  derivative  of  fh(xs. . .).  Graphically,  this  is  the  slope  of 
the  curve  of  equation  (53)  at  whatever  value  of  xs  is  involved  in  the  specific 
numerical  calculations.  Also,  by  definition,  the  quantity  dxD/dxa  is  the 
derivative  of  fn(xs. . .) : 


dxD/dxs  =  f'n(xs. . .) 

Therefore: 

xs(dS/dxs)  +  S  -  xD(dS/dxs)  +  Hcf'n{xs.. .)  =  ~f'h(xs. . .) 


and: 


dS  _  S  =  -Hcf’n(xs...)  +f'h(xs...) 
dxs  Xp  Xg 


Xp  xs 


(59) 


(60) 


(61) 


This  is  a  linear  differential  equation  which  can  be  partly  solved  to  give: 
f  dx, 

J 


S  —  k  exp 


xD  —  xs 


ex  f  dXs  f  [  ~ Hcfn(Xs •  •  • )  +  fh(x* •  •  • )  ]dxs  ^ 
eXp  J  XD  -  Xg  J  0 xD  -  Xg)  exp  f  dxs/{xD  -  Xg) 

The  indicated  integrations  may  be  performed  graphically  whenever  definite 
graphs  for  f'h  and  are  available.  The  equation  is  essentially  a  relation  of 
the  form: 


S  =  kMxD)  +  f,{xD) 


(63) 


and  is  thus  the  desired  relation  between  product  composition  and  quantity 
of  product  distilled,  i.e.,  it  represents  a  distillation  curve. 

Colburn  and  Stearns140  expressed  this  equation  in  the  form: 


In 


1S1  _  rx>'  _ 

S%  J  Xp  Xg  ( 


(HdXh/dS) 


(64) 


where  Hdxh/dS  is  the  rate  of  removal  of  the  more  volatile  component  from 

the  holdup.  .  .  ,  .  . 

The  actual  use  of  equation  (62)  requires  that  it  be  expressed  in  a  foim 

with  definite  limits,  such  as:141 

_  So  _  rx’°fh(Xg...)dXg  -  IlcfniXs.  .-)dxs  ((35) 

y;;;  J  x,t  (xD  —  xg)\Z 

no  rnl hum  and  Stearns  Trans.  Am.  Inst.  Chem.  Engrs.,  37,  291  (1941). 

...  eJ).,  Bailee,  and  Bertram,  "The  Problem  of  the  Holdup  Effect  m  Batch  Frac¬ 
tionation,”  Am.  Chem.  Soc.,  Atlantic  City  Meeting,  1942. 
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in  which: 


X 


Xst 


=  exp. 


dxs 


xD  —  xs 


and 


By  assuming  condenser  holdup  to  be  negligible  so  that  Hc  =  0,  the  equation 
becomes : 


So  _  rx*°  fh(xs.  ..)dxs 

K"  (XD  -  Xs)\xx\t 


(66) 


In  actual  calculations  with  this  equation,  all  the  quantities  are  obtained 
from  the  curves  of  equations  (53)  and  (55).  Thus  the  distillation  curves 
calculated  with  this  equation  are  as  correct  or  as  incorrect  as  the  equations 
for  xD  and  h.  Unfortunately  all  three  of  these  equations  are  dependent 
upon  one  another,  and  their  form  is  so  complex  that  combination  into  a 
single  expression  has  not  been  achieved. 


The  use  of  the  above  equations  may  be  illustrated  by  considering  a  case  for  which 
the  Fenske  equation  may  be  used  to  describe  the  relation  between  xD  and  xs.  This 
assumption  limits  applications  to  systems  inwhich  reflux  ratios  are  so  large  or  other 
circumstances  are  such  that  separations  approximate  those  under  total  reflux. 
The  equation  for  moles  of  holdup  of  the  more  volatile  component  then  takes  the 
form  of  equation  (54).  This  represents  the  holdup  of  the  more  volatile  com¬ 
ponent  in  the  column  at  every  instant  during  the  distillation. 

By  making  a  material  balance  in  the  same  manner  as  for  the  preceding  cases,  and 
including  the  terms  for  holdup,142  there  is  obtained  the  expression: 


Sxs  +  [H/(n  log  a)]  log  [1  +  xs(an  -  1)]  =  (x,  -  dxs)(S  -  dS)  + 

[H/(n  log  a)]  log  [1  +  (*,  -  dxs)(an  -  1)]  +  xDdS  (67) 
This  may  be  solved  as  follows,  using  A  =  H/(n  log  a),  b  =  an  -  1,  and  q  =  \/{an  - 

■  ~  J  m  order  to  simPhfy  the  writing  of  the  various  expressions.  The  first  step 
is  to  eliminate  xD  by  using  the  Fenske  relation  ,  whereupon: 

xs~+  S - °^~  —  _  4  log  t1  +  ~  dXs)  ]  -  log  (1  +  bxs) 

dxs  1  -}-  bxs  dxs  dx  ~  ^ 


Since  by  the  definition  of  a  derivative: 

jggiL+jOr,  -  rfx,)]  -  log  (1  +  bx 0  _  d  log  (1  +  bx.) 


(68) 


then: 


dxs 

T  anxs  dS 

,  "T  O  —  - - -  - 

dx>  1  +  bx,  dx,  ^ 


dxs 

Ab 


1  +  bxs 


1  +  bxs 

Rose,  W  elshans,  and  Long,  Ind.  Eng.  Chem.,  32,  673  (1940) 


=  0 


(69) 
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which  is  a  linear  differential  equation  that  can  be  partly  solved  to  give: 

(x*)Q  .  (xsy  t  r  (i  -  xsy 


S  =  K 


(1  -  zs)9+1  +  (1  -  xs)Q+1  A 


/ 


(*«) 


9  +  1 


dx. 


(70) 


q  =  1  /(a"  -  1)  (71) 

The  remaining  integral  may  be  evaluated  as  nearly  exactly  as  desired  by  expanding 
the  numerator  by  the  binomial  theorem  and  then  integrating  and  retaining  as  many 
of  the  terms  as  is  necessary: 


5  =  K 


(xsy 


+ 


(zs)1-ff  + 


(i  -  xsy+i  (i  -  zs)ff+i  L  (^)s  b\i-q/ 

iG-'X 2-y  <*>*-+••• 


The  series  converges  rapidly  for  all  cases  of  interest  and  often  all  terms  beyond  the 
first  are  negligible,  so  that  the  equation  reduces  to: 


5  =  K 


(xsy 


Ab 


(i  —  zs)«+i  (i  -  xsy+i 


(72) 


The  Fenske  equation  may  be  used  to  express  this  relation  in  terms  of  distillate  com¬ 
position  : 


K(xDy{an  —  bxD)  —  Ab(an  —  bxD)q+l 
[«n(l  -  a’0)]9+1 


(73) 


For  purposes  of  computation  it  is  usually  more  convenient  to  use  equation  (72)  and 
the  Fenske  equation  separately. 

The  integration  constant,  K,  is  calculated143  from  the  initial  conditions  of  the 
distillation.  The  value  of  xs  used  in  this  calculation  is  not  that  of  the  original 
mixture.  The  original  value  of  xs  (hereafter  referred  to  as  xsc )  decreases  somewhat 
even  before  any  product  is  removed,  due  to  the  passage  of  some  of  the  charge  into 
the  column  proper.  The  value  of  the  still  composition  x,  (hereafter  called  xs0) 
when  equilibrium  has  been  reached,  but  before  any  product  is  removed,  is  given  by 
the  solution  of  the  expression : 


ScXgC  =  (Sc  -  H)xs0  +  H 


log  (1  +  bxj 
log  an 


(74) 


Trial  and  errcr  is  the  only  method  available  for  solving  this  relation,  and  the  value 
of  Xgo  so  obtained  is  used  in: 


So  =  K(: 0'/(l  -  *»)4+1  -  Ab/V  -  Xx) 


9  +  1 


(75) 


i.i  Rose,  Welshans,  and  Long,  I  ml.  Eng.  Chem.,  32, 674  (1940). 
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or  its  more  complex  forms  in  order  to  obtain  a  value  of  K  for  use  in  subsequent  cal¬ 
culations.  These  equations  contain  the  factors  a,  n,  and  H.  By  assuming  suitable 
values  of  these  and  for  the  initial  composition  of  the  mixture,  values  of  S  and  xD 
may  be  obtained  and  plotted  as  in  Figure  44. 


PER  CENT  DISTILLED 

Fig.  44.  Calculated  distillation  curves  for  1,  4,  and  10%  holdup  (dis¬ 
tillation  at  total  reflux). 


B.  DIFFERENTIAL  EQUATIONS  FOR  PLATE  COMPOSITIONS 

In  the  case  of  a  five-plate  column  the  following  equations144  describe  the 
rate  of  change  of  composition  of  the  liquid  on  the  several  plates,  if  the  usual 
simplifying  assumptions  are  made : 

dib/dS  =  —  (S/Hb)  [(Rd  -f-  1  )y4  —  RDxb  —  xD ] 

dxt/dS  =  ~(S/H4)[(Rd  +  l)(j,3  -  yA)  +  rd(x&  _  a.4)] 


dXl/dS  ~  )[(Rd  +  l)(ys  -  yi)  +  Rd(X2  -  a*)] 

dXs/dS  =  —  (1/ S)  [RdXx  +  xs  —  (Rd  +  1  )ys] 

In  these  5  represents  the  fraction  of  the  charge  remaining  in  the  still  and 

ecmltifns  defritth ^  h°'dup  per  Plate  is  ™f°nn.  Since  such 

bS  to  nrodu  e  the  ““'T  ''  “  the  Various  Pla*<*  <hey  may  be  com- 

and  Steams  -  Th  ^ 

Utlon  of  the  equation  by  algebraic  means  is  ex- 

144  R.  C.  Johnson,  unpublished  work  Marshall  Qrwj  tv  t  i  , 
ential  Equations  to  Chemical  Engineering  Problem  J  TT  •  r!g, ’  ‘  PPhcatiori  of  DiJJer- 
1947,  p.  144.  Pigford  Tepe  and  Carr  I  ,  rP,’  Delavvare>  Newark,  Delaware, 
Oistillation,”  Am  Chem.  Soc.,  PhiladelphT Meeting  C°1Umn  H°MUP  **  Ratch 

"O  JUm  aDd  Stearns-  Trans-  Am-  Inst.  Chem.  Engrs.,  37,  291  (1941 ). 
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tremely  lengthy  if  not  impossible.  Numerical  solutions  by  approximation 
methods144  are  also  lengthy,  but  not  impossible  in  the  simpler  cases.  In 
the  few  cases  in  which  such  calculations  have  been  completed,  the  results 
aie  in  agreement  with  those  of  the  stepwise  plate-to-plate  procedure. 

Pigford,  Tepe,  and  Garrahan146  have  used  a  differential  analyzer  to  ob¬ 
tain  numerical  solutions  to  such  differential  equations  for  batch  distillation. 
The  results  are  indicated  in  Section  VI. 


C.  STEPWISE  PLATE-TO-PLATE  CALCULATIONS 

This  procedure147  necessitates  establishment  of  the  compositions  of  vapor 
and  liquid  leaving  each  plate  of  the  column  after  initial  total-  (or  finite-) 
reflux  conditions  have  been  established  but  before  any  distillate  is  with- 


TABLE  X 

Distillate,  Still,  and  Column  Compositions.  Stepwise  Plate-to-Plate 
Calculations  for  Batch  Fractional  Distillation 


(0) 

After  total 
reflux 
conditions 
established 
but  prior  to 
removal  of 
first  product 

Moles  distillate . none 

Distillate  composition.  — 


(l) 


After  removal 
of  small 
initial  portion 
of  distillate 

0.00318 

.9873 


(2) 


After  removal 
of  second 
small  portion 
of  distillate 

0.00636 

.9867 


(3) 


After  remova 
of  third 
small  portion 
of  distillate 

0.00954 

.9858 


Liquid 

Vapor 

Liquid 

Vapor 

Liquid 

Vapor 

Liquid 

Vapor 

Top  Plate 
#5 . 

n . 

#3 . 

#2 . 

#1 . 

Still . 

. .  0.9736 

0.9880 

0 . 9722 

0.9873 

0.9707 

0.9867 

0.9690 

0 . 9859 

. 9431 

.9736 

.9400 

.9722 

.9367 

.9706 

.9332 

.9689 

. 8813 

.9431 

.8751 

.9399 

.8685 

.9365 

.8611 

.9326 

. 7690 

.8813 

.7578 

.8747 

.7455 

.8672 

.7358 

.8613 

. 5989 

.  7690 

.5819 

.7563 

.5728 

.7494 

.5647 

.7432 

. 4010 

.5989 

.3994 

.5973 

.3972 

.5951 

.3945 

.5927 

Moles  in  still . 0  3926 

Total  moles  holdup  .  1590 

Charge . 5516 

Moles  mvc°  in  still  .  15743 

in  holdup . 13248 

in  distillate .  — 

Total  moles  mvc“. 0.28991 

°  More  volatile  component. 

i«  Pigford,  Tepe,  and  Garrahan,  “The  Effect  of  Column  Holdup  in  Batch  Distilla¬ 
tion  ”  Am  Chem.  Soc.,  Philadelphia  Meeting,  1949. 

hi’  Rose  “Agreement  between  Calculated  and  Experimental  Batch  Distillation  C  urves 
with  Appreciable  Holdup,”  Chemical  Engineering  Symposium  on  Distillation,  I  itts- 

burgh,  1946. 


0.38942 

0.38624 

0.38306 

.1590 

.1590 

.1590 

. 15553 

.  15343 

. 15126 

.13124 

.13020 

. 12923 

.00314 

.00628 

. 00942 

0.28991 

0.28991 

0.28991 
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drawn.  These  may  bG  obtained  by  trial  and  enor  calculations  with  the 
equation : 

Sexsc  =  (Sc  -  H)xs0  +  Hxh o  (76) 

in  which  Sc  is  the  total  moles  charged,  xsc  is  the  mole  fraction  of  more  vola¬ 
tile  component  in  the  charge,  xs0  is  the  still  composition  just  before  the  first 
distillate  is  removed,  H  the  total  moles  of  holdup,  and  x ^  the  average  com¬ 
position  of  the  material  in  the  column  just  before  the  first  distillate  is 


obtained.  By  trial  and  error  it  is  possible  to  find  the  value  of  x  «,  that  satis- 

less  than' r' hrnf  v  d ' '“‘T '  T™1  Va‘UeS  °f  Xs0  ^  °hoSen  t0  be  some"'hat 

"  than  xu  and  values  for  xta  may  then  be  obtained  from  graphs  of  still 

.  .  ,  1  ue  01  hoo  and  obtain  column  compositions  (and  time 

**>  and  *«)  l>y  the  McCabe-Thiele  procedure  1W  i  i  ,  (and  th,,s 

“  - — -  “  - — » ST  IS2: 
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for  example,  at  the  rate  of  0.00318  mole  per  unit  time  with  a  reflux  ratio 
L/D  =  4/1,  the  following  gain  and  loss  of  the  more  volatile  component  oc¬ 
curs  on  the  top  plate  during  a  first  interval  of  time: 

gain:  VyA  +  LxD  =  5(0.00318) (0.9736)  +  4(0.00318) (0.988) 
loss:  Vy6  +  Lxh  =  5(0.00318) (0.988)  +  4(0.00318) (0.9736) 


Fig.  46.  Effect  of  changing  composition  on  separation 
achieved  in  batch  fractionation.  Finite  reflux  conditions 
at  start. 


The  resulting  net  loss  of  the  more  volatile  component  from  the  top  plate, 
together  with  L  total  holdup  on  this  plate  (0.0315  mole)  and  ,ts  ongma 
composition  (*,  =  0.9730) ,  gives  a  new  top  plate  composition  (*,  0. 
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for  the  end  of  the  short  time  interval.  The  results  of  a  series  of  such  calcu¬ 
lations  are  given  in  columns  1,  2,  and  3  of  Table  X  and  are  plotted  in  Figure 
45.  For  purposes  of  comparison  the  values  of  various  plate  compositions 
have  been  computed  by  the  ordinary  McCabe-Thiele  procedure  for  the 
still  composition  at  the  end  of  the  fifth  time  interval.  These  are  also 
given  on  Figure  45. 

Solid  lines  are  vapor  compositions  and  dotted  lines  marked  X  are  liquid 
compositions,  both  for  batch  distillation  with  total-reflux  conditions  at 
start  of  distillation,  as  calculated  by  stepwise  plate-to-plate  material  bal¬ 
ances.  Points  marked  A  are  vapor  compositions  and  those  marked  +  are 
liquid  compositions  calculated  by  McCabe-Thiele  procedure  for  continu¬ 
ous  distillation  conditions,  with  still  composition  the  same  as  that  at  the 
end  of  the  fifth  interval  of  batch  calculations. 

The  lesser  over-all  separation  in  the  continuous-distillation  calculations 
and  the  different  relationship  between  the  pairs  of  vapor  and  liquid  com¬ 
positions  is  immediately  obvious.  As  the  distillation  proceeds  the  com¬ 
position  of  the  vapor  entering  the  bottom  plate  rather  quickly  becomes 
greater  than  that  of  the  liquid  on  the  bottom  plate,  as  required  by  McCabe- 
Thiele  considerations.  The  effect  also  begins  to  appear  on  the  upper 
plates,  one  after  another,  but  the  relationship  continues  to  be  much  closer 
to  that  for  total  reflux,  than  for  the  finite  reflux  as  predicted  by  the  Mc¬ 
Cabe-Thiele  procedure.  The  same  situation  is  indicated  in  a  different  way 
in  Figure  46.  This  gives  the  results  of  stepwise  plate-to-plate  calculations 
showing  the  effect  of  shifting  to  ordinary  batch  distillation  at  finite  reflux 
after  equilibrium  operation  at  the  same  reflux  with  return  of  distillate  to  the 
still.  A  more  extensive  series  of  such  calculated  curves  is  in  Section  VI. 


7.  Equations  for  Equilibration  Time 

Coulson148  has  expressed  the  time  for  a  column  to  come  to  equilibrium  at 
total  reflux  as: 

Oe  =  (ho  —  he)/v  (77) 

where  K  is  the  moles  of  the  more  volatile  component  in  the  column  at  the 
ime  a  particular  boilup  rate  is  commenced,  h,  is  the  corresponding  value 
when  eqmhhrmm  is  reached,  and  t>  is  the  net  rate  of  transfer  of  the  more 

sssr* mto  the  co,umn- The  vaiue  °f  * is  -« bi 

v  =  V(y,  -  x,)  (78) 

where  y,  is  the  composition  of  vapor  entering  the  base  of  the  column  and  x 
IS  the  composition  of  material  entering  the  pot  from  the  base  of  the  c Ztn. 

Coulson,  J.  Soc.  Chem.  I  rid.  London,  64,  101  (1945). 
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The  value  of  he  is  in  general  Hxh0,  where  H  is  the  total  holdup  and  x,l0  is 
the  average  composition  of  the  holdup  when  equilibrium  is  reached. 
Methods  of  obtaining  both  H  and  x/l0  are  indicated  in  connection  with  the 
determination  of  holdup  (page  112).  The  value  of  h0  is  also  of  the  form 
H.Xh .  Coulson  assumed  H  to  be  the  same  before  and  after  equilibrium  was 
reached,  which  may  or  may  not  be  true,  but  is  a  reasonable  first  approx¬ 
imation.  For  the  value  of  xh  Coulson  assumed  that  the  holdup  was  of  the 
same  composition  as  the  vapor  initially  evolved  from  the  charge  ( xh  = 
Xhc  =  ySc )•  On  this  basis: 


1 


X 


a 


_  1  “l-  *r  sc  ( ot  1 )  - 


/log 

1  +  (a”  —  l)ao:sc 

\  1 

 1  +  (a  —  l)£sc  

1  OLXsc 

L\ 

n  log  a 

/  1  +  (a  —  l)a:sc- 

Coulson  gives  the  approximate  relation 

log  xs 


de  = 


I » ■  - 


[l«(c<  -  1)] 


(79) 


n  log  a)  J, 

for  cases  in  which  xsc  and  a  are  small  and  n  is  greater  than  50. 

Berg  and  James149  have  modified  the  derivations  and  equations  of  Cohen 

to  obtain: 


yo/Xs  =  ( nS/H)(a  -  l)(a  In  a)0 


1  - 


y  o 


Xsct 


,n  +1 


nS 

=  a  exp.  -  — 


a 


a 


and: 


1  -  (y./x.c^)  =  a  exp  _  M 


(«  —  1) 


e 


(80) 

(80a) 

(81) 


1  -  (1/a”)  \H  /  a" 

Equations  (80)  and  (80a)  are  simplified  versions  of  equation  (81),  which 
assumes  that  holdup  in  the  condenser  and  return  system  is  negligible,  tha 
(1  +  «)/(l  +  x)  =  a,  and  that  the  vapor  holdup  is  negligible.  1  he  hist 
equation  is  applicable  when  a  and  a  are  large  so  that  «*  becomes  very  large 
The  second  equation  assumes  4>b  =  1  which  is  neai  y  tnie  w  en  a 
proaches  400.  4>»  is  a  complex  function  of  n  log  a,  and  depends  a^so  on 

system  and  the  column  used.  Two  experiments  gave  confirmation  oi 
calculated  times  predicted  by  the  equations. 

149  Berg  and  James,  Trans.  Am.  Inst.  Chem.  Engrs.,  44,  307  (1948). 
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8.  Comparison  of  Continuous  and  Intermittent  Take-off  Procedures 

The  theoretical  analysis  of  batch-distillation  processes  has  not  yet  pro¬ 
ceeded  to  the  point  where  such  a  comparison  can  be  made.  The  changes  in 
composition  that  occur  with  time  in  an  intermittent  take-off  process  are 
dependent  upon  the  rate  of  approach  to  equilibrium  during  the  total-reflux 
period,  and  on  the  rate  at  which  the  disturbance  due  to  total  take-off  pro¬ 
ceeds  down  the  column.  Little  is  known  of  these  rate  processes,  either 
from  a  theoretical  or  experimental  approach;  even  the  direct  experimental 
evidence  regarding  the  relative  merits  of  continuous  and  intermittent  take¬ 
off  is  conflicting.  Thus  Oldroyd  and  Goldblatt150  reported  a  favorable 
effect  for  intermittent  operation  but  O’Brien151  found  no  appreciable  effect 
in  a  column  of  more  than  100  plates. 

9.  Curves  for  Changing  Reflux  Ratio  to  Maintain  Constant  Distillate 

Composition 


All  the  preceding  discussions  have  assumed  constant  reflux  ratio  through¬ 
out  a  distillation,  and  the  equations  and  calculations  have  dealt  with  the 
change  in  distillate  composition  as  the  batch  distillation  proceeded.  It  is, 
however,  common  practice  to  increase  reflux  ratio,  when  the  amount  of  a 
component  in  the  still  becomes  depleted,  and  thereby  increase  the  propor¬ 
tion  of  that  component  in  the  distillate.  The  equations  already  obtained 

can  serve  to  estimate  the  results  of  such  distillations  with  more  than  one 
reflux  ratio. 


A.  STEPWISE  INCREASE  IN  REFLUX  RATIO 

For  instance,  during  the  distillation  of  100  moles  of  equimolar  binary 
mixture  with  a  -  1.25,  through  fifty  theoretical  plates  with  negligible  hold¬ 
up,  reflux  ratio  ol  19,  calculations  by  equation  (12)  show  that  the  distillate 
composition  remains  near  unity  until  the  still  content  is  reduced  to  70  moles 

I  ‘""'I  'lL  When  !t  reaches  65  moles  the  distillate  composition  has 
dropped  to  0.98  and  after  distillation  of  five  more  moles  would  drop  to  0  87 
At  the  time  still  content  is  65  moles,  the  still  composition  is  0  21  If  .lt  this 
point  the  reflux  ratio  is  increased  to  49,  the  distillate  composition  will  a ‘ain 

approximately^  1  ""tI  Ttr™  Sti"  comPositi<m  drops  to 

ctppi oximately  U.l.  1  he  distillation  curve  for  the  nortinn  r  A- 

with  reflux  ratio  49  can  also  be  calculated  by  So"  us  “ 

and  values  of  and  from  the  still-product  composition  cu"e  t~a  1 

Z  Obrien  MdSGThblat' V,nd'  ^  ^ -  A'mL  Ed-  18'  781  0940, 

’  M-S-  Thesis’  Pennsylvania  State  College,  1948. 
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1.25,  n  —  50,  and  RD  —  49  (Fig.  47B).  The  calculations  indicate  that  the 
increase  in  reflux  ratio  will  result  in  nearly  pure  distillate  until  about  58 
moles  remain  in  the  still. 


_ i _ i _ i - 1 - 

IOO  90  80  70  60  50 


MOLES  REMAINING  IN  STILL  (Sf ) 


MOLE  FRACTION  MVC  IN  STILL  Us) 


B 


A 

Fig.  47.  (A)  Effect  of  increase  in  reflux  ratio  when  amount  of  more  volatile  compon¬ 
ent  in  still  has  been  depleted.  (B)  Still-product  composition  curves  on  which  A  is  based, 
a  =  1.25,  n  =  50,  Rn  =  19  and  49. 


B.  GRADUAL  INCREASE  IN  REFLUX  RATIO 

If  reflux  ratio  is  continually  increased  at  the  proper  rate  from  the  be¬ 
ginning  of  a  distillation,  a  limited  amount  of  distillate  of  constant  com¬ 
position  will  be  obtained.  The  distillation  curve  in  such  a  case  is  merely  a 
straight  line  that  extends  to  the  point  where  total  reflux  is  required  to  main¬ 
tain  constant  product  composition.  Any  distillate  recovered  beyond  this 
point  will  be  of  lower  purity,  depending  on  a  new  choice  of  reflux  ratio. 
For  instance,  if  100  moles  of  equimolar  mixture  with  a  -  1.2o  is  distilled 
through  ten  plates  with  negligible  holdup,  calculations  by  the  Smoker  equa¬ 
tion  indicate  that  an  initial  reflux  ratio  (RD)  of  19  will  be  required  to  produce 
initial  distillate  composition  of  0.86.  This  can  be  maintained  during  the 
distillation  by  gradual  increase  in  reflux  ratio.  ( Calculations  by  the  Fenske 
equation  indicate  that  with  a  =  1.25  and  n  =  10,  when  st,  1  composition 
reaches  0  385  infinite  reflux  will  be  required  to  maintain  distillate  co 
position  at  0.86.  The  moles  remaining  in  the  still  when  this  point  is  reached, 
SF,  can  be  calculated  by  the  material  balance: 

-  SrX,r  =  (So  -  Sr)xn,  <82) 

in  which  &  =  S.  =  100  moles  (the  charge),  *„  =  0.5  (the  initial  composi- 
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tion),  xsF  =  0.385,  the  still  composition  at  the  end  of  the  period  of  constant 
distillate  composition  ( xDc  =  0.86) : 

50  -  0.385&.  =  (100  -  S,)0.86 
SF  =  75.8 

Thus,  after  an  initial  fraction  of  24.2  moles,  no  further  distillate  of  purity 
0.86  can  be  obtained. 

Equations  for  Time  Required  and  for  Yield  Fraction  When  Holdup  Is 
Negligible.  Bogart152  developed  the  equation: 


for  calculating  the  time  required  for  such  a  distillation  or  for  calculating  the 
vapor  velocity  (V)  if  time  (0)  is  fixed.  In  this  equation  So  and  xs0  have 
their  usual  meaning,  xDc  and  xsF  are  the  constant  distillate  composition  and 
final  still  composition,  RD  is  the  reflux  ratio,  L/D,  and  xs  is  the  still  com¬ 
position  corresponding  to  product  composition,  xD,  and  any  chosen  reflux 
ratio.  The  equation  is  used  by  calculating  a  series  of  values  of : 


1 


1 


\Rn  +  1/ 


(%Dc  %s)  ” 


by  choosing  random  values  of  RD,  using  the  McCabe-Thiele  procedure  to 
calculate  corresponding  values  of  xs,  and  then  obtaining  the  value  of  the 
integral  by  graphic  means. 

Edgeworth-Johnstone153  has  developed  formulas  for  calculating  the 
amount  of  distillate  that  can  be  recovered  in  such  distillations.  This  is 
done  by  means  of  the  yield  fraction  (<£,),  which  is  the  ratio  of  the  distillate 
actually  obtained  to  the  maximum  amount  that  could  have  been  obtained 
from  the  charge.  When  holdup  can  be  neglected : 


4>j  = 


So  —  SF  ( So  —  SF) 


SoXgq/ Xj)C 


S0x 


%Dc 


sO 


Pjh 

Fa f 


(84) 


in  winch  So  is  the  total  moles  of  charge,  SF  is  moles  remaining  in  still  when 
total  reflux  is  reached,  x*  is  charge  composition,  and  xDc  is  distillate  com- 
posi  ion.  P,  F,  ap  and  a,  are  the  symbols  used  by  Edgeworth-Johnstone 

preoedinTe^mpTe:  ~  ^  *  *“*  “d  X*“’  resP“«-ly.  Thus  in  the 


<t>j  -  24.2/(50/0.86)  =  0.416 

!'*  ^gart’  Trans-  Am ■  Inst.  Chem.  Engrs.,  33,  139  (1937). 

C  geworth"J°hnstone,  Ind.  Eng.  Chem.,  35,  407  (1943);  36,  1068  (1944). 
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Edgeworth-Johnstone  uses  the  material-balance  equations  (82)  and: 

(So  —  SF )  -(-  SF  =  So  (85) 

and  the  Fenske  equation  to  obtain: 


So  -  SF  = 


SoX,t 


a 


n  -f- 1  _ 


XDc  \/l  —  X 


sO 


,1  —  xDc/\  X 


SO 


so 


XDc  an+1  —  1 

Then,  with  the  original  equation  for  <t>j‘. 

n+ 1  _  (  Xdc  \(1  ~  X*o' 


(86) 


a 


4>j  = 


T  —  xDJ\  x 


SO 


Q! 


n+ 1  _  l 


(87) 


This  allows  calculation  of  <t>j  in  terms  of  a,  n,  x s0  and  any  desired  distillate 
composition.  The  expression  neglects  holdup,  and  assumes  distillation 
is  carried  out  with  gradually  increasing  reflux  (so  that  xDc  is  constant)  until 
total  reflux  is  reached. 


TABLE  XI 

Calculations  of  Average  Reflux  Ratio 


Final 

Final  xs 

Xl)C  -  X8 

Sp 

100  -  Sp 

’t’j 

Average  RD 

CO 

0.385 

0.475 

75.8 

24.2 

0.416 

— 

99 

.413 

.447 

80.5 

19.5 

.335 

38 

49 

.435 

.425 

84.8 

15.2 

.261 

28 

29 

.463 

.397 

90.8 

9.2 

.158 

24 

19 

.500 

.360 

100 

0 

0 

— 

Since  it  may  not  be  economical  in  many  cases  to  continue  increasing  reflux  until 
total  reflux  is  reached,  it  is  desirable  to  make  the  same  calculations  for  specified  re¬ 
flux  ratios  at  which  it  may  be  desired  to  stop  the  constant  distillate  composition 
distillation.  As  an  example,  the  value  of  4> will  be  calculated  for  the  same  initial 
conditions  as  on  page  132  but  for  a  final  reflux  ratio  of  Rn  =  99.  Calculations  by 
the  McCabe-Thiele  procedure  with  a  =  1.25  and  n  =  10  indicate  that,  when  still 
composition  reaches  0.413,  the  reflux  ratio  will  be  R0  =  99.  Then,  substituting  in 

equation  (82): 

50  -  0.413^  =  (100  -  SF) 0.86 
SF  =  80.5 

4>j  =  19.5/(50/0.86)  =  0.335 

Such  calculations  may  be  repeated  for  a  series  of  different  choices  of  final  reflux  ratio 
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(Table  XI),  and  a  graph  prepared  of  reflux  ratio  versus  yield  fraction,  or  against 
moles  of  distillate  (Fig.  48).  From  the  graph  it  is  possible  to  calculate  the  average 
reflux  ratio  corresponding  to  any  of  the  final  reflux  ratios,  and  thus  the  relative  time 
of  distillation. 


MOLES  DISTILLATE  COLLECTED 
Fig.  48.  Final  reflux  ratio  versus  moles  distillate  in  con¬ 
stant  distillate  composition  distillation.163 

Equations  for  Time  Required  and  for  Yield  Fraction  When  Holdup  Is 
Appreciable.  Holdup  is  taken  into  account  by  modifying  the  basic  equa¬ 
tion  as  follows: 


4>j  = 


Sc  -  SF  -  H 


Sc  X  sc  /  X 


(88) 


DC 


in  which  H  is  total  holdup. 

As  an  illustration,  calculations  may  be  made  for  the  same  example  used  above  for 
the  case  of  negligible  holdup  (100  moles  equimolar  binary  mixture  with  «  =  1.25 
and  ten  plates),  but  with  the  assumption  of  a  total  holdup  of  9  moles  The  still 

rrr  f  ,drear to  =  °-482  before  any  distmate  is  ^med,  ^  to 

passage  ot  part  of  the  charge  into  the  column.  This  value  of  xSo  is  found  by  trial 

and  error  solution  of  the  material  balance:  7  ai 


&cXsc  —  SqXs0  h 


(89; 


will  beCn^euihkte  °j)erati0nS  give  the  composite indicated  taTable  XU  2] 
w,U  be  noted  that  only  n.ne  theoretical  plates  are  indicated.  This  it  bec^e  th 
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column  IS  assumed  to  have  an  over-all  separating  power  of  ten  plates  and  nine  in  the 
column.  The  values  of  the  compositions  are  those  of  the  liquid  phase. 

Since  the  total  holdup  is  9  moles,  the  holdup  per  plate  will  be  1  mole  (equal  dis¬ 
tribution  being  assumed  in  the  absence  of  any  experimental  values).  The  com¬ 
position  values  given  in  Table  XII  for  plates  Nos.  2  to  10  are  therefore  also  the  actual 

TABLE  XII 


Plate  Compositions  with  Various  Reflux  Ratios 


Theoretical  plates 

Trial  reflux  ratios  (interpolated) 

— - — 

Rd  =  19 

Rd  =  29 

Rd  =  24 

rd  =  “ 

Distillate . 

. 0.86 

0.86 

0.86 

0.86 

Top  plate  #10 . 

. 83 

.83 

— 

.833 

Plate  #9 . 

. 79 

.78 

— 

.792 

#8 . 

. 75 

.74 

— 

.753 

#7 . 

. 715 

.70 

— 

.708 

#6 . 

. 688 

.66 

— 

.657 

#5 . 

. 650 

.62 

— 

.610 

#1 . 

. 610 

.58 

— 

.560 

#3 . 

. 570 

.54 

— 

.502 

#2 . 

. 535 

.50 

— 

.445 

Still  #1 . 

. 500 

.465 

.483 

.385 

Sum  #2  to  #10 . 

. 6.14 

5.92 

6.03 

5.86 

moles  of  holdup  per  plate  of  the  more  volatile  component,  and  their  sum  is  the  total 
holdup  of  this  component,  i.e.,  when  RD  =  19,  h  =  6.14  moles.  Substituting  in 
equation  (89): 

50  ^  (91)  (0.5)  +  6.138  =  45.5  +  6.138  =  51.638 
A  second  trial  with  RD  =  29  gives  h  =  5.92  and: 

50  ^  (91)  (0.465)  +  5.92  =  42.3  +  5.92  =  48.22 
A  rough  interpolation  for  R0  =  24  gives  h  =  6.03  and: 

50  =  (91)  (0.483)  +  6.03  =  43.95  +  6.03  =  49.98 

This  indicates  that  an  initial  reflux  ratio  ( RD )  of  24  will  be  required  to  obtain  the 
desired  distillate  composition  ( xDc  =  0.86).  It  is  assumed  in  this  procedure  that 
the  distillation  is  started  at  this  finite  reflux  ratio,  rather  than  at  total  reflux,  as  is 
more  usual. 

If  distillation  is  commenced  with  distillate  composition  kept  constant  at  0.86  by 
gradual  increase  in  reflux  ratio,  total  reflux  will  eventually  be  reached  and,  as  be¬ 
fore,  still  composition  will  be  0.385.  The  moles  remaining  in  the  still  are  obtained 
from  the  material  balance: 

Scxsc  -  SFxsF  -  h  =  (Sc  -  II  ~  Sf)xdc 
50  -  ^-(0.385)  -  5.86  =  (91  -  &-)0.86 
SF  =  71.8 


(90) 
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Therefore: 


6,  =  (100  -  71.8  -  9)/58.1  =  19.2/58.1  =  0.330 


In  this  instance  the  holdup  has  an  appreciable  effect  on  the  results. 
Edgeworth-Johnstone  uses  the  material-balance  equations: 

(Se  ~  SF  ~  H)  +  S,  =  Sc  -  H 
( Sc  Sr  H )  xDc  +~  SrXsr  ScXSc  h 

and  the  Fenske  equation  to  express  <j>ji 


4>j  = 


n 


Xnc  \/Sc-H\ 
1  —  xDc)\Scx,c  —  h) 

an+l  _  1 


(91) 

(92) 


(93) 


This  is  the  algebraic  equivalent  of  the  operations  in  the  above  example,  and 
assumes  that  the  distillation  is  continued  to  total  reflux.  The  correspond¬ 
ing  equation  for  a  finite  reflux  ratio  is: 


<t>j  = 


~  *sr)  ~  (h/Se)  +  (HxsF/Se)] 

Xso(xdc  xsr ) 


(94) 


In  this  case  the  value  of  xsF  must  be  obtained  from  xDc  by  a  McCabe-Thiele 
or  Smoker  calculation,  using  the  desired  final  reflux  ratio.  The  same  pro¬ 
cedure  also  gives  the  figures  for  estimating  h  by  graphic  means. 


As  an  example  of  the  use  of  equation  (94)  the  distillation  of  mixtures  of  chloro- 
and  bromobenzene  is  given  by  Edgeworth-Johnstone.  Young’s  data154  are  used 
with  a  =  1.8896,  =  0.4,  n  =  10,  H/Sc  =  0.1,  and  **  =  0.98.  The  resulting 

values  of  0,  are  given  in  Table  XIII,  and  in  Figure  49.  The  corresponding  values 
(0ya)  when  H  =  0  are  also  included.  The  negative  values  for  RD  =  4  indicate  this 
reflux  ratio  is  too  low  to  achieve  the  desired  separation.  These  negative  values  can 

however  be  used  in  making  a  graph,  and  by  its  means  the  correct  initial  reflux  ratio 
can  be  obtained. 


TABLE  XIII 

Yield  Fraction  and  Reflux  Ratio 


x> 

+j 

4 

7 

12 

20 

0.443 

.260 

.157 

.117 

-0.365 

+0.319 

.563 

.659 

-0.196 

+0.476 

.723 

.803 

164  Young,  J.  Chan. 

Soc.,  81,  768  (1902). 
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Equation  (93)  is  modified  by  Edgeworth-Johnstone  for  application  to  complex 
mixtures,  to  obtain: 


r &c%sc  h 

L»+1  (  ) 

~Sc(xsc  +  xsB)  —  H 

-  1 

\1  -  xj 

i 

-sS 

1 

H 

_ 1 

L  Scxsc  _ 

_ 

an+1  -  1 

In  this  xsB  represents  the  initial  mole  fraction  of  the  second  most  volatile  component 
and  it  is  assumed  that  the  distillate  and  column  contain  only  the  two  most  volatile 
components. 


< 

cr 

x 

_j 

u_ 

Ld 

<r 
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2 


4>j,  HOLDUP  H/5C  =  0.1 
4>J0,  HOLDUP  H--  0 


/ 


/ 


/ 


/ 


rJ0 


_L 


-0.5 


0  0.5 

YIELD  FRACTION 


Fig.  49.  Yield  fraction  at  finite  reflux  ratios  in  distillation  of  chloro¬ 
benzene  and  bromobenzene.153 


As  an  example,  1000  moles  of  a  ternary  mixture  of  A,  B,  and  C,  with  xSc  -  xsB  - 
0  21  and  ctiB  =  1.5,  is  to  be  distilled  under  constant  distillate-composition  condi¬ 
tions  through  ten  theoretical  plates  in  a  column  with  holdup  of  2  moles  per  theo¬ 
retical  plate  The  product  is  to  contain  90  mole  per  cent  of  the  most  volatile  com¬ 
ponent,  A.  The  holdup,  h,  was  calculated  to  be  9.94.  Substitution  in  the  above 

equation  gave  4>j  =  0.863.  ,  „ 

As  another  example,  it  is  required  to  choose  between  a  plate  column  with  ten 

theoretical  plates  and  holdup  of  15  moles  per  plate,  and  a  packed  column  with  five 
theoretical  plates  and  a  holdup  of  3  moles  per  plate.  Distillation  at  at™°sP''e™ 
pressure,  with  constant  distillate  composition,  is  to  be  used  to  produce  an  80  40  . 

fraction  in  95%  purity  from  a  material  containing  4  mole  per  cent  of  this  lowest 
fraction!  and  5  mole  per  cent  of  the  140-100»F.  fraction.  These  fractions 
are  considered  as  the  two  lowest-bulling  components,  and  it  is  assumed  no  others 
enteMthe  column  during  the  distillation.  Values  of  the  relative  volatility  were 
obtained  by  use  of  the  equation : 

1  R  —  1  A 

-  9T,  —B- - 

J '2 


log  oct  —  2.5 
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where  a?  is  the  relative  volatility  at  the  average  absolute  temperature,  T,  of  the 
boiling  points  TA  and  TB  of  the  two  components.  The  average  boiling  points,  110 
and  150°F.,  were  used,  and  average  temperature  at  the  bottom  of  column  was 
estimated  at  120°F.,  that  at  the  top  as  140°F.  The  corresponding  values  of  a  were 
2.24  at  top,  1.74  at  bottom,  resulting  in  an  over-all  average  of  1.99.  Using  Sc  = 
2500  moles,  xsc  =  0.04,  xSB  =  0.05,  and  xDc  =  0.95,  the  McCabe-Thiele  construc¬ 
tion  gives  h  =  9.09  for  the  packed  column  and  h  =  58.0  for  the  plate  column.  The 
corresponding  values  for  4>j  are  4>j  =  0.55  for  the  packed  column  and  <t>j  =  0.415 
for  the  plate  column,  so  that  the  use  of  the  packed  column  is  indicated. 


10.  Curves  for  Fractional  Batch  Distillation  of  Multicomponent  Mixtures 


Bowman155  has  used  the  composition-distribution  concept  (Sect.  IV)  to 
show  how  curves  may  be  calculated  to  predict  the  progress  of  a  batch  dis¬ 
tillation  involving  any  number  of  components.  This  is  done  for  the  case  of 
assumed  negligible  holdup  and  total  reflux  by  combining  the  Rayleigh 
equation  in  the  form : 

@/dS)(xsS)  = 

with  the  composition-distribution  equation  relating  pot  and  distillate  com¬ 
positions: 

xD  =  anxs/  Jo  °°  anxsda 

It  is  assumed  that  the  column  has  a  total  of  n  theoretical  plates.  This 
gives : 

(d/dS)(xsS)  =  anxs/  Jl "  anxsda 
The  variables  are  separated  by  the  substitution : 


to  give: 


Ii/S  =  Jo m  ocnxsda 


(d/bS)(xsS)  =  ofixS/h 
or: 


d(xsS)/xsS  =  andS/h 

and,  between  the  limits  S  =  1  and  S  =  S,  integration  gives 

ln  (x-S/zJ  =  (dS/IO 

This  gives: 


=  (xJS)e~anJl^ 

where : 


J'($)  =  Ssl  ( dS/I ,) 

Bowman,  Ind.  Eng.  Chem.,  41,  2004,  2608  (1949). 
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Multiplication  by  da,  and  integration  with  the  expression: 

*/o“  xd<x  =  1 


gives : 


S  =  7o“  xme  a"MS)da 


Solution  requires  trial  of  various  arbitrarily  chosen  values  of  J i(S).  These 
are  then  plotted  against  the  corresponding  values  of  S  from  the  last  equa¬ 
tion,  and  this  graph  is  used  to  supply  values  for  calculating  xs  versus  S, 
according  to  the  relation : 


The  equation : 


=  {xJS)e~anMS) 
XD  =  (a”V-“J')/7, 


is  derived  and  used  in  a  similar  manner  to  obtain  the  corresponding  dis¬ 
tillate  compositions.  Figure  50  shows  plots  of  distillate  composition  dis- 


Fig.  50.  Distillate-composition  dis¬ 
tribution  during  batch  distillation  of  mul¬ 
ticomponent  mixture.165  W  =  s  =  moles 
remaining  in  still. 


Fig.  51.  Distillation  curves  for 
a  four-component  mixture.166  W  = 
S\  i  refers  to  component  numbers. 
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TABLE  XIV 


Initial  Charge  Composition  for  Hypothetical  Batch  Distillation 

of  Figures  51  and  52 

i 

“» 

xci 

i 

1.00 

0.3 

2 

1.50 

0.3 

3 

1.75 

0.1 

4 

2.00 

0.3 

tribution  for  various  values  of  S  during  batch  distillation  of  a  mixture  with 
initial  composition  equal  to  that  of  curve  I  of  Figure  30  (Sect.  IV).  Figure 
51  shows  distillate  compositions  versus  S  for  a  four-component  mixture  as 
specified  in  Table  XIV,  using  a  fifteen-plate  column.  Figure  52  is  the 


I'ig.  52.  Distillation  curve  for  four-component  mixture, 
but  in  terms  of  boiling  point  of  distillate.155  W  =  S. 


corresponding  batch-distillation  curve  in  terms  of  temperature  versus  per 

cen  of  charge  d. stilled.  Similar  equations  have  been  derived  by  Bowman 
lor  the  case  of  minimum  reflux. 

Crosley156  has  also  presented  methods  for  calculating  distillate-collection 


155  Crosley,  “Batch  Rectification  of  Complex  Mixtures” 
Meeting,  1946.  ’ 
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curves  for  multicomponent  mixtures  in  simplified  cases.  Thus  if  the 
separation  between  still  and  distillate  follows  the  Fenske  relation: 

XDA  =  {otAR)nXsA/^ 

where  R  represents  a  reference  component,  A,  B,  etc.  represent  the  other 
components,  and: 


£  ( OCAR)nXsA  +  ( OlBR)nXsB  +  ( Otcit)nXsc  +  .  .  .XsR 

Similar  equations  can  be  written  for  each  component  so  that: 


and: 

and: 


Xda/ %dr  — 

If  holdup  is  negligible: 


XDB  —  ( OCBR)nXsB /£ 

XDR  =  Xsr/ £ 

( aiARnXsA/£)/(xsR/£ )  =  ( ocARnxsA)/xsR 


or: 


DxDA  —  SxsA  DXdb  —  SxsB  |  DXdr  —  —  $XsR 
d(DxDA )  =  - d(SxsA ) 


etc.  Combination  gives: 

<1  (SxsA) /  <} (SxsR)  ocAb  SxsA/Sxsr 


and  similar  expressions  for  other  components.  Integration  then  yields: 

log  [(^sA)i/(&sA)2]  =  OiARn  log  [(^«)i/(^sfl)2] 

The  amount  of  the  reference  component  remaining  in  the  still  at  various 
stages  of  the  distillation  is  taken  as  an  independent  variable,  and  the  corre¬ 
sponding  residual  quantity  of  each  of  the  other  components  is  calculated  as  a 
function  of  the  residual  quantity  of  the  reference  component.  The  sum  of 
these  residual  quantities  comprises  the  total  charge  remaining,  and  com¬ 
positions  may  then  also  be  computed.  Table  X\  gives  the  results  of  cal¬ 
culations  on  the  distillation  of  a  ternary  mixture  of  333  moles  of  each  of 
three  components,  A,  B  and  C,  through  a  column  with  a  total  of  ten  theo¬ 
retical  plates.  The  relative  volatilities  assumed  were  aAC  =  3  and  aBC  = 
1.6.  These  give  aAC  =  59,000  and  ccbc  =  HO-  The  initial  values  of 
SxsA)  SxsB,  and  SxsC  are  each  333  and  the  corresponding  logarithm  is  2.5224. 
These  values  are  listed  on  line  0  of  the  table,  in  columns  2  through  7. 
Column  8  lists  the  total  moles  in  the  still,  columns  9,  10,  and  11  the  still 
compositions  for  the  three  components,  and  columns  12  and  13  the: 

log  £SxDA  =  log  S(aAR)nxsA  and  log  £SxDB  =  log  S(aBR)nxsB 
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TABLE  XV 

Multicomponent  Batch  Distillation  Calculations 


1 

2 

Log 

Sx|A 

3 

Log 

SxiB 

4 

Log 

Sx.C 

5  6 

S*sA  SxsB 

7 

Sx.C 

8 

9  10  11 

l00xjA  100x#B  100x.c 

%  A  %  B  %C 

0 

2.52244  2.52244 

2.52244 

333  333 

333 

999 

33.3 

33.3  33.3 

-n  295 

0.00055 

0.000005 

-  - 

— 

— 

1 

2.22744  2.52189 

2.522435 

168.8  332.6 

333 

834 

20.2 

39.9  39.9 

2 

1.93244  2.52134 

2 . 52243 

85.6  332.2 

333 

751 

11.4 

44.3  44.4 

3 

1.63744  2.52079 

2.522425 

43.4  331.7 

333 

708 

6.1 

46.8  47.1 

8D 

_ 

2.51254 

2.52235 

—  325.5 

333 

658.5 

— 

— 

0.0011 

0.00001 

-  - 

— 

— 

— 

8E 

_ 

2.51244 

2.52234 

—  324.7 

333 

658 

— 

49.3  50.7 

8F 

_ 

2.51034 

2.52233 

—  323.8 

333 

657 

12 

— 

1.63694 

2.51439 

—  43.34 

326.9 

370 

— 

11.6  88.4 

0.22 

0.002 

—  — 

— 

— 

— 

-  - 

13 

— 

1.41694 

2.51239 

—  26.12 

325.4 

351 

— 

6.3  92.7 

0.44 

0.004 

—  — 

— 

— 

— 

-  - 

14 

_ 

0.97694 

2.50839 

—  9.48 

322.4 

332 

■ — 

3.0  97.0 

19 

— 

— 

2.48839 

-  - 

307.9 

307.9 

— 

-  - 

20 

. _ 

. 

(J.  UU4 

2.48439 

_  _ 

305.1 

305.1 

— 

-  - 

21 

— 

— 

2.48039 

-  - 

302.3 

302.3 

— 

-  - 

12 

13 

14 

15 

16 

17 

18 

19  1 

Log 

Log 

Sum 

tSxDA 

ZSxDA 

ZSXDB 

ZD 

IOOxjxa  lOOx^g  lOOx^c 

r.  29364 

4.56364 

19,660,000 

36,610 

19,697,000 

99.8 

0.2 

—  0 

-0.295 

0.00055 

— 

— 

— 

— 

— 

— 

6.99864 

4.56309 

9,969,000 

36,570 

10,006,000 

99.6 

0.37 

—  1 

6.70364 

4.56254 

5,054,000 

36,520 

5,091,000 

99.3 

— 

—  2 

6.40864 

4.56199 

2,562,000 

36,470 

2,599,000 

98.6 

1.37 

—  3 

1.98634 

4.55374 

96. 

.3  35,790 

36,123 

0.27 

98.8 

0.92  8D 

0.59 

0.0011 

— 

— 

— 

— 

— 

_ 

] 

1.39364 

4.55264 

24. 

.7  35,700 

36,053 

0.07 

99.0 

0.93  8E 

— 

4.55154 

6 

.3  35,610 

35,943 

— 

99.1 

0.93  8F 

0.80364 

3.67814 

— 

4,766 

5,093 

— 

93.6 

6.42  12 

— 

0.22 

— 

— 

— 

— 

_ 

— 

3.45814 

— 

2,872 

3,197 

— 

89.8 

10.2  13 

— 

0.44 

— 

— 

— 

— 

_ 

_ 

— 

3.01814 

— 

1,043 

1,365 

— 

76.4 

23.6  14 

— 

0.81814 

— 

6.58 

314 

— 

2.1 

97.9  19 

— 

0.44 

— 

— 

— 

_ 

.  - 

— 

0.37814 

— 

2.39 

307 

.5  — 

0.78 

99.2  20 

9.93814-10 

’ 

0.87 

303. 

1  — 

0.29 

99.7  21 

respectively,  as  obtained  from  values  in  previous  columns.  The  corre¬ 
sponding  value  of  log  %SxDC  is  already  tabulated  in  column  4  as  log  Sx  c 
Columns  14,  15,  and  7  then  contain  values  of  (SxDA,  (SzDB,  and  Wc 
Cohimn  16  contains  the  sum  of  columns  14,  15,  and  7,  and  is  therefore  ID 
From  this  the  values  of  100*M,  10OrM,  lOfte*.  are  calculated  and  tabulated 
in  columns  17,  18,  and  19.  The  first  line  of  the  table  (line  0)  corresponds 
to  the  initial  instant  of  the  distillation,  or  0%  distilled.  Corresponding 
values  for  the  other  lines  are  obtained  as  follows : 
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Three  small  numbers  in  the  ratio  of  59,000  to  110  to  1  are  selected  more 
or  less  arbitrarily  and  subtracted,  respectively,  from  the  values  in  line  0 
oi  columns  2,  3,  and  4.  For  the  present  illustration  the  numbers  selected 
are  0.295,  0.00055  and  0.000005.  When  the  subtraction  is  performed  the 


MOLE  PER  CENT  DISTILLED 


Fig.  53.  Calculated  collection  and  still  composition  curves  for  three- 

component  distillation.156 

values  on  line  1  of  columns  2,  3,  and  4  are  obtained,  d  he  same  subti  action 
operation  is  used  to  obtain  values  for  line  1  of  columns  12  and  13.  All 
other  values  on  line  1  are  derivable  from  those  in  columns  2,  3,  4,  12,  and  13. 
The  key  values  (those  in  columns  2,  3,  4,  12,  and  13)  for  line  8E  are  ob¬ 
tained  in  this  example  by  subtraction  of  0.59,  0.0011,  and  0.00001  from  the 
proper  values  in  columns  2,  3,  4,  12,  and  13.  The  results  of  the  calculations 
are  plotted  in  Figure  53  which  plots  the  mole  fraction  in  the  distillate  ot 
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each  component  against  mole  per  cent  distilled.  In  practical  rectification 
at  finite  reflux  and  with  appreciable  holdup  the  steep  fronts  of  the  collec¬ 
tion  curves  will  disappear.  The  calculated  curves  do  explain  the  practical 
observation  that  the  more  volatile  component  is  eliminated  from  succeeding 
fractions  more  effectively  than  a  less  volatile  component  is  eliminated  from 
preceding  fractions. 

The  extension  of  the  Crosley  procedure  to  cases  of  finite  reflux  or  appreci¬ 
able  holdup  is  limited  by  the  complex  nature  of  the  relations  between  still 
and  distillate  composition. 

VI.  CALCULATED  EFFECT  OF  PROCESS  VARIABLES  IN 

BATCH  DISTILLATION 


1.  Process  Variables  in  Batch  Distillation 


The  more  important  variables  of  batch  distillation  are:  ( 1 )  reflux  ratio, 
{2)  number  of  theoretical  plates,  (d)  ratio  of  holdup  to  charge,  (4)  vapor 
velocity  or  throughput,  ( 5 )  relative  volatility,  and  ( 6 )  initial  composition. 
The  first  four  of  these  are  factors  dependent  upon  the  apparatus  and 
method  of  operation.  The  last  two  are  characteristic  of  the  mixture  being 
distilled.  All  the  variables  are  subject  to  some  choice  and  control,  but  in 


general  they  are  also  dependent  upon  one  another,  on  the  physical  proper¬ 
ties  of  the  components,  and  on  the  nature  of  the  column  and  its  plates  or 
packing.  Between  them  these  variables  determine  the  time  required  to 
complete  a  batch  distillation,  and  the  sharpness  of  separation  of  the  com¬ 
ponents  in  the  mixture.  The  minimum  time  required  to  complete  a  given 
distillation  is  predictable  from  the  actual,  operating  vapor  velocity,  the 
average  reflux  ratio,  and  the  total  quantity  to  be  distilled  over.157  Such 
calculations  of  the  time  involved  are  straightforward  except  that  they  ig- 
noie  initial  equilibration  time  (Sect.  V),  which  is  appreciable  for  the  more 
efficient  columns.  Calculations  of  the  effects  of  the  process  variables  on  the 
sharpness  of  separation  are  much  more  complex.  The  sharpness  of  separa¬ 
tion  achieved  in  any  specific  case  may  be  measured  by  the  difference  be¬ 
tween  still  and  product  compositions  (*„  curves)  at  any  instant,  or  bet¬ 
ter,  by  the  shape  of  distillation  curves  (5,  z*  curves)  or  by  the  composition 
of  successive  distillate  fractions.  The  derivations  and  procedures  for  cal- 
eulation  of  these  curves  are  set  forth  in  Sections  III  and  V,  respectively 

The  present  section  deals  ch.efly  with  the  results  of  these  calculations  and 
cites  the  limited  experiments  on  the  subject. 


157  Rose,  “Agreement  betw 
with  Appreciable  Holdup,” 
burgh,  1946. 


eon  Calculated  and  Experimental  Batch  Distillation  Curves 
C  hemical  Engineering  Symposium  on  Distillation,  Pitts- 
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Because  each  of  the  process  variables  affects  some  of  the  others,  it  is 
difficult  to  deal  experimentally  with  the  problems  of  batch  distillation. 
Thus  a  change  in  reflux  ratio  or  vapor  velocity  may  cause  a  change  in  hold¬ 
up,  and  also  a  change  in  H.E.T.P.  or  plate  efficiency.  The  gradual  change 
in  composition  with  time,  characteristic  of  batch  distillation,  causes  changes 
in  moles  or  mass  of  holdup  as  well  as  in  H.E.T.P.  and  probably  in  the  rapid¬ 
ity  with  which  equilibrium  is  established.  These  in  turn  affect  all  the  other 
variables  of  the  process,  and  the  .shape  of  the  dist  illation  curve.  There  has 
been,  and  is  still,  an  almost  complete  lack  of  precise  experimental  data  on 
the  above  interrelations.  A  conclusive  and  rigorous  investigation  will  re¬ 
quire  a  multitude  of  careful  experiments. 

Because  of  the  lack  of  experimental  data,  calculations  of  the  effects  of  the 
process  variables  can  be  most  useful  as  an  approximate  basis  for  design  and 
operation.  They  will  also  aid  in  planning  experimental  work  and  in  de¬ 
creasing  the  number  of  experiments  required.  In  order  to  reduce  mathe¬ 
matical  complexities,  theoretical  analysis  has  used  simplifying  assumptions 
and  has  considered  the  effect  of  only  one  variable  at  a  time. 

In  evaluating  and  using  the  methods  and  conclusions  presented,  it  should 
be  recalled  that  in  ordinary  batch-distillation  practice  it  is  not  usually  con¬ 
venient,  in  fact  probably  difficult,  to  get  accurate  measurements  of  reflux 
ratio,  relative  volatility,  holdup,  and  equivalent  number  of  theoretical 
plates.  The  exact  agreement  between  actual  and  calculated  distillation 
curves  is  less  important  than  an  approximate  general  knowledge  of  how 
various  conditions  will  affect  the  results  of  a  particular  distillation.  In¬ 
cluded  in  the  discussion  are:  ( 1 )  calculated  effect  of  holdup;  (2)  calculated 
effect  of  reflux  ratio,  varying  the  number  of  plates  and  relative  volatility, 
but  with  negligible  holdup;  (3)  calculated  effect  of  relative  volatility  and 
number  of  plates,  under  total  reflux  and  negligible  holdup  (giving  limiting 
conditions);  (4)  calculated  effect  of  initial  composition;  and  ( 5 )  calculated 
correlation  of  the  combined  effect  of  relative  volatility,  reflux  ratio,  and 
number  of  plates,  when  holdup  is  negligible.  Each  of  the  methods  is  based 
on  a  restrictive  assumption,  and  therefore  gives  only  limiting  values  or  the 
general  nature  of  certain  relations.  None  of  the  methods  developed  so  far 
can  be  expected  to  give  accurate  agreement  with  experiment.  The  correla¬ 
tion  given  last  in  the  above  list  is  the  best  available  procedure  for  quickly 
estimating  the  conditions  required  for  a  given  separation  by  batch  distilla¬ 
tion. 


2.  Calculated  Effect  of  Holdup 

A  large  amount  of  data  has  been  collected  on  the  H.E.T.P.  or  H.T.U.  of 
various  types  of  packings  and  contacting  devices.  This  information  is 
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necessarily  the  starting  point  in  the  practical  application  of  distillation 
theory.  While  a  low  H.E.T.P.  is  certainly  desirable,  it  is  only  one  ot  the 
required  characteristics  of  a  good  column,  since  production  of  distillate  in 
adequate  quantities  is  often  as  important  as  sharp  separation.  Low  holdu p 
or  low  holdup  per  plate  is  usually  mentioned  as  equally  important,  and  the 
same  may  be  said  of  high  throughput  per  unit  cross  section.  The  ratio  of 
throughput  to  holdup  per  plate  (efficiency  factor,  factor  A)  has  also  been 
cited  as  a  desirable  criterion  for  evaluating  packing  materials.  Yet  both 
the  slight  experimental  evidence  and  the  calculated  curves  do  not  justify 
the  assumption  that  appreciable  holdup  in  a  column  is  always  unfavorable. 

A.  EFFECT  ON  PROPORTION  OF  CHARGE  DISTILLED 

Holdup  has  a  dual  effect  in  batch  distillation,  since  it  limits  the  propor¬ 
tion  of  the  charge  that  can  be  distilled,  and  also  affects  the  sharpness  of 
separation  of  any  two  components.  The  disadvantages  of  a  large  holdup 
can  sometimes  be  decreased  by  use  of  a  larger  charge,  or  by  the  use  of  chas¬ 
ers  (Chapter  II),  but  this  is  not  always  possible  or  advantageous.  The 
effect  of  large  holdup  in  limiting  the  proportion  of  the  charge  that  can  be 
distilled  is  of  major  importance  when  the  highest-boiling  component  or  com¬ 
ponents  are  present  in  small  amount  or  when  the  available  sample  is 
limited.  The  magnitude  and  seriousness  of  the  effect  is  directly  propor¬ 
tional  to  the  ratio  between  the  quantity  of  holdup  and  the  quantity  of  the 
highest-boiling  components.  If  the  quantity  of  any  of  the  latter  is  less 
than  the  holdup,  their  presence  may  not  even  be  detected.  This  is  more 
likely  with  sharp  separation  than  with  poor. 

B.  EFFECT  ON  SHARPNESS  OF  SEPARATION 

While  the  effect  of  a  large  holdup  in  limiting  the  proportion  of  the  charge 
that  can  be  distilled  may  be  simply  determined,  the  effect  of  holdup  on 
sharpness  of  separation  is  much  more  complex.  It  would  seem  logical  to 
keep  holdup  per  plate  at  a  minimum  in  order  to  avoid  concentrating  an 
appreciable  portion  of  the  sample  within  a  few  theoretical  plates,  and  thus 
prevent  its  effective  separation.  As  stated  before,  the  evidence,  both  ex¬ 
perimental  and  calculated,  does  not  completely  confirm  this  generally 
accepted  opinion.  It  is  interesting  to  speculate  that,  if  it  turns  out  that 
total  holdup  and  holdup  per  plate  have  no  important  effect  on  sharpness  of 
separation,  and  if  chasers  can  be  used  successfully,  the  only  remaining  fac¬ 
tors  of  importance  in  batch  distillation  are  those  that  determine  distillate 
rate  and  equivalent  theoretical  plates. 

Theoretical  Predictions.  Figures  54A,  B,  and  C  show  the  results  of 
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MOLE  PER  CENT  OF  CHARGE  DISTILLED 

A  B 


C 


WEIGHT  PER  CENT  OF  CHARGE  DISTILLED 
D  E 


appreciable  holdup  n*  '(Aj'calcuii'ted’"  cl'lorlde_toluene  mixtures  with 

cent  ethylene  chloride  in  charge  toW  reflux  startup3 IV. M  “1“!  ft,  8-6,m0le 
plates  and  still:  9  6  mole  Der  cent  ofhx  l  m  -j*  •  )  Calculated;  five  theoretical 

(O  Calculated!  ***  ^ 

m  charge;  total  reflux  startup.  (D)  Experimental-  f h  Cent  fth>'lene  chloride 
9.6  per  cent  by  weight  ethylene  chloride  L  cwt  tlZ 8ti11’ 
mental;  four  theoretical  plates  and  still-  q  «  ’  j  rtflux  startup.  (E)  Experi- 

charge ;  finite  reflux  startup.  (F)  Experimental^  fou  th  ethylene  chloride  in 

nux  ratio,  tiD,  is  4/1  except  where  otherwise  noted. 
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calculations  by  Rose,  Johnson,  and  Williams,158  using  the  stepwise  plate- 
to-plate  method  described  on  page  12G.  Figure  44  shows  similar  curves 
calculated  with  the  assumption  of  total  reflux,  and  using  the  general  equa¬ 
tion  for  a  batch-distillation  curve  as  described  on  page  123.  All  calcula¬ 
tions  by  the  latter  procedure  indicate  a  poorer  separation  as  the  ratio  of 
holdup  to  charge  becomes  larger,  regardless  of  the  specific  values  of  initial 
composition,  relative  volatility,  number  of  theoretical  plates,  and  reflux 
ratio.  The  stepwise  calculations  for  finite  reflux  (Figures  54A-C)  indicate 
a  much  more  complex  situation,  with  two  new  factors  entering  the  situation. 
These  are  the  charge  composition  and  the  initial  conditions  of  the  distilla¬ 
tion.  Thus  in  Figure  54 A  the  curves  were  calculated  for  distillation  of  a 
mixture  containing  9.6  mole  per  cent  ethylene  chloride  in  toluene,  through  a 
five-plate  column  with  reflux  ratio  4/1  and  holdup  of  2.88,  7.2,  14.4,  28.8, 
and  57.6%  of  the  charge.  In  these  calculations  it  was  assumed  that  the 
column  was  at  equilibrium  at  total  reflux  before  the  start  of  the  distillation. 
The  curves  of  Figure  54B  were  calculated  for  the  same  distillation  condi¬ 
tions  except  that  holdup  was  assumed  as  28.8  and  57.6%  and  the  column  at 
equilibrium  at  4/1  reflux  (with  return  of  product  to  still)  before  the  batch 
operation  commenced.  For  the  curves  of  Fig.  54A  it  can  only  be  said  that 
the  effect  of  increasing  ratio  of  holdup  to  charge  is  complex.  As  far  as  they 
go,  the  curves  of  Figure  54B  indicate  an  effect  similar  to  that  at  total  leflux 
such  as  in  Figure  44.  While  batch  distillations  are  seldom  started  under 
finite  reflux  conditions,  it  is  quite  possible  that  the  second  and  succeeding 
breaks  in  distillation  curves  for  multicomponent  mixtures  might  be  related 
as  are  those  of  Figure  44.  Similar  considerations  might  apply  to  mixtures 
where  the  break  in  the  distillation  curve  does  not  occur  so  near  the  begin¬ 
ning  as  is  the  case  in  Figure  54A.  Figure  54C  shows  such  curves,  calculated 
for  conditions  similar  to  those  of  Figure  54A,  except  that  charge  composi¬ 
tion  of  25  mole  per  cent  ethylene  chloride  was  used  instead  of  9.6  mole  per 
cent.  In  Figure  54C  it  appears  that  the  curve  for  28.8%  ratio  of  holdup  to 
charge  gives  a  slightly  sharper  separation  than  either  smaller  or  larger 
ratios  The  smallest  holdup  gives  the  best  initial  separation  but  this  si  na¬ 
tion  does  not  persist.  There  is  however  but  little  difference  between  the 
curves  for  2.88,  7.2,  14.4,  and  28.8%  holdup  ratio.  The  corresponding  ex- 

nerimental  curves  are  shown  in  Figures  54D-F. 

Pigford,  Tepe,  and  Garrahan™  (see  pages  96,  126)  have  also  calc 
Med  batch-distillation  curves  for  cases  involving  appreciable  holdup. 

^Tpigford,  Tepe,  and  Garrahan,  “The  Effect  of  Column  Holdup  in  Batch  Distillation,” 
Am.  Chem.  Soc.  Philadelphia  Meeting,  1949. 
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Their  calculations  were  made  by  using  a  differential  analyzer  to  solve  the 
basic  differential  equations  previously  derived  by  Marshall  and  Pigford.160 
The  vapor  holdup  was  assumed  negligible,  and  vapor-liquid  equilibrium 
was  assumed  to  be  of  the  form  y  =  a'x  +  (a  —  l)z2,  where  a  =  (3a  —  1)/ 
(<*  _j_  i).  The  usual  relative-volatility  relation  was  avoided  because  it 
reduces  the  capacity  of  the  differential  analyzer.  Even  so,  the  existing 
analyzers  cannot  perform  solutions  for  cases  involving  more  than  five  to 
ten  plates,  depending  upon  the  exact  design  of  the  analyzer.  Some  dis¬ 
crepancies  in  material  balances  also  occur  when  this  procedure  is  used. 
Calculations  were  made  for  eighteen  cases,  as  summarized  in  Table  XVI, 

TABLE  XVI 

Effect  of  Holdup  on  Size  of  Intermediate  Fraction159 


a 

rd 

H/So 

2.23 

8 

0.024 

2.23 

8 

.024 

2.23 

8 

.029 

2.23 

3.2 

.045 

2.23 

4 

.045 

2.23 

8 

.045 

2 

10 

.02 

2 

10 

.04 

3 

10 

.02 

3 

10 

.04 

3 

10 

.08 

3 

3.2 

.04 

1.5 

10 

.02 

1.15 

10 

.02 

/ 

xe  (check) 

0.269 

0.470 

0.451 

.279 

.470 

.456 

.294 

.482 

.475 

.490 

.473 

.466 

.431 

.473 

.468 

.350 

.473 

.463 

.31 

.502 

.478 

.38 

.502 

.486 

.126 

.510 

.504 

.170 

.518 

.495 

.310 

.526 

.506 

.248 

.518 

.515 

.834 

.535 

.519 

— 

.500 

.484 

but  five  were  discarded  because  material  balance  errors  were  more  than  3 
mole  per  cent.  All  cases  were  for  a  seven-plate  column,  with  initial  equi- 
1  brium  at  total  reflux.  The  charge  composition  was  taken  as  approx- 
.ma  ely  0  5  mole  fraction  of  the  more  volatile  component,  as  indicated  in 
Table  XVI.  This  also  gives  the  size  of  the  intermediate  fractions  having 
composition  limit.  xD  =  0.95  and  xD  =  0.05.  The  last  column  of  the  table 
gives  the  mo  e  fraction  o  more  volatile  component  that  would  be  obtained 
if  all  the  distillate  and  the  residue  in  the  column  were  combined  These 
values  should  be  identical  with  charge  composition;  the  discrepancies  Ire 
apparently  due  to  computation  errors  of  some  kind  6 

the^T'  °"  ,h6Se  C.a'Cl,1f ions-  PiSford>  Tepe,  and  Garrahan  concluded  that 
there  was  a  general  tendency  for  the  size  of  the  intermediate  fraction  to  im 

160  Marshall  and  Pigford,  Application  of  Differential  Fm.nt  a  ,  m.  . 

Problems.  Univ.  Delaware,  Newark,  Delawfe,  ml  Chemrcal  Engineering 
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ci Base  with  increasing  holdup.  In  one  case  involving  high  relative  vola¬ 
tility  the  size  of  the  intermediate  fraction  went  through  a  minimum  with 
increasing  holdup,  the  optimum  being  for  holdup  corresponding  to  2%  of 
the  charge.  These  authors  make  a  preliminary  correlation  of  the  results  in 
terms  of  ( Hi/S0)/(a  —  1)  and  l/(a  —  1)  (RD).  They  conclude  that  the 
presence  of  holdup  in  a  column  results  in  an  “inertia”  effect  that  makes 
sharp  separations  sharper,  but  fails  to  affect  relatively  poor  separations. 
This  effect  is  stated  to  be  more  noticeable  at  the  lower  reflux  ratios.  Some 
of  the  calculations  are  for  cases  corresponding  approximately  to  the  experi¬ 
ments  of  Colburn  and  Stearns,161  and,  while  direct  comparisons  were  not 
made,  it  was  noted  that  the  calculated  intermediate  fractions  approximated 
those  obtained  experimentally. 

Experimental  Work.  Podbielniak162  observed  that  difficult  low-temper¬ 
ature  analytical  separations  were  improved  by  use  of  a  higher  holdup  to 
charge  ratio,  and  this  has  been  taken  into  account  in  the  design  and  oper¬ 
ation  of  the  Podbielniak  low-temperature  columns.  Colburn  and  Stearns161 
showed  by  experiments  with  ethylene  chloride-toluene  mixtures  that  the 
McCabe-Thiele  procedures  could  not  be  depended  upon  to  predict  still-dis¬ 
tillate  composition  relations  in  batch  distillation  when  holdup  was  appreci¬ 
able.  Their  results  showed  that  separation  was  better  than  predicted  by 
the  McCabe-Thiele  calculations,  rather  than  poorer  as  might  have  been 
expected.  In  other  words,  holdup  was  beneficial  rather  than  detrimental. 
This  was  explained  in  terms  of  the  effect  of  holdup  and  changing  composi¬ 
tions  with  time  in  batch  distillation,  as  discussed  in  Sections  III  and  \ . 
Stepwise  plate-to-plate  calculations  and  curves  of  Figures  54A  and  C  in¬ 
volve  the  same  considerations,  and  also  show  the  beneficial  effect  of  holdup 
as  compared  with  the  McCabe-Thiele  calculations  for  no  holdup.  This 
work  leaves  little  doubt  on  what  to  expect  when  experimental  distillation 
curves  for  appreciable  holdup  are  compared  with  those  calculated  by  the 
McCabe-Thiele  procedure  either  with  or  without  holdup.  A  point  of  even 
greater  interest  is  the  comparison  of  experimental  curves  with  one  anothei 
to  establish  a  beneficial  or  detrimental  effect  of  increasing  ratio  of  holdup  to 


ChD?rect  experimental  work  on  the  effect  of  the  ratio  of  holdup  to  charge  in 
batch  distillation  has  been  done  by  Rose  and  Houston,  0  Bnen  and 
Prevost.16*  Rose  and  Houston  showed  that  in  a  21-plate  packed  column, 

:  ass?  1 * 

sir;rp"“» «-*• «— -  "  **■ 

Chem.,  42,  1876  (1950). 
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a  small  charge  gave  a  sharper  separation  than  a  larger  one,  except  for  the 
case  of  40/1  reflux,  where  the  same  separation  was  obtained  regardless  of 
the  size  of  the  charge.  Similar  comparative  distillations  in  two  different 
thirteen-plate  columns  showed  neither  favorable  nor  unfavorable  effect  of 
increasing  the  ratio  of  charge  to  holdup.  All  the  experiments  were  on 
binary  mixtures  with  charge  composition  ranging  up  to  40%  of  the  more 
volatile  component. 

Thus  these  experiments  indicated  a  favorable  effect  of  increasing  ratio  of 
holdup  to  charge  in  some  cases,  and  no  effect  in  other  cases.  The  work  of 
O’Brien  indicated  an  unfavorable  effect  of  increasing  the  holdup  ratio  for 
batch  distillations  which  were  started  at  finite  reflux.  The  experiments 
of  Prevost  were  similar  to  those  of  Rose  and  Houston,  and  gave  similar 
results.  In  general  the  experimental  curves  resemble  those  calculated  by 
the  stepwise  plate-to-plate  procedure,  in  that  relative  positions  are  the 
same  in  the  crossing  and  recrossing  of  curves  for  different  holdup,  and  in  the 
shape  of  the  xs,  xD  curves. 

Consideration  of  all  the  experimental  and  calculated  curves  suggests  that 
for  each  mixture  and  column  there  is  a  critical  reflux  ratio  above  which 
there  will  be  an  unfavorable  effect  of  increasing  the  holdup,  and  below 
which  there  will  be  a  favorable  effect.  The  critical  reflux  ratio  increases 
with  the  number  of  theoretical  plates  in  the  column,  and  so  for  a  given 
mixture  a  favorable  effect  may  be  obtained  with  a  column  having  few 
plates,  and  an  unfavorable  effect  for  another  column  with  a  larger  number 
of  plates.  Neither  the  experiments  nor  theory  are  developed  to  the  extent 
that  specific  predictions  can  be  made  for  new  cases. 


3.  Calculated  Effect  of  Reflux  Ratio,  Relative  Volatility,  and  Theoretical 

Plates  When  Holdup  Is  Negligible 

Curves  to  show  the  effect  of  these  variables  on  the  sharpness  of  separation 
have  been  calculated164  by  the  equation: 


log  St  =  log  St 


-A_  f 

2.303  Jr, 


9C 


dx . 


xD  —  xs 


The  details  of  the  derivations  and  methods  of  calculation  are  those 
described  on  page  102.  The  procedure  always  depends  upon  the 

numerical  solution  of  the  lo0-  S>  eouatinn  r^rorvV.  t 

/£  s  &  01  equation.  Graphs  of  per  cent  distilled 

\ST~  X  100  =  Per  C6nt  distilled)  versus  distillate  composition  (xD)  may 

be  constructed  as  in  Figures  37  and  55.  For  example,  the  curve  marked 
F.gure  55A  represents  the  distillation  of  100  moles  of  an  equi- 
164  Rose  and  Long,  Ind.  Eng.  Chem.,  33,  684  (1941). 
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A 


n  =  11 


B 

n  =  6.5 


C 


n  =  47 


D 


w  =  91 


Fig  55.  Calculated  effect  of  reflux  ratio  when  holdup  s  assumed 
to  lx  negligible. Ordinary  distillation  curves.  Per  cent  of  charge 
SLtUled  =  %  -  moles  remaining  in  still.  Numbers  on  curves  md.- 

cate  reflux  ratio,  Rd- 
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molar  binary  mixture  with  a  =  1.5,  n  (number  of  plates)  =  11,  reflux  ratio 
(RD)  =  1,  and  negligible  holdup.  The  series  of  values  of  Xd  and  xs  used  in 
evaluating  the  integral  in  the  log  St  equation  were  obtained  from  still- 
product  composition  curves  such  as  those  of  Section  III.  These  were 
calculated  by  using  the  McCabe-Thiele  or  Smoker  procedures. 

The  choice  of  a  charge  other  than  100  moles  in  the  preceding  calculation 
would  make  no  difference  in  the  final  curve,  if  values  of  S  are  converted  to 
per  cent  distilled.  The  chief  effect  of  an  initial  composition  other  than 
xs  =  0.5  would  be  to  displace  the  curve  in  a  horizontal  direction,  but  there 
would  also  be  an  increase  in  the  sharpness  of  the  break  as  higher  values  of  *S 
were  used.  The  succeeding  curves  in  this  discussion  are  calculated  on  the 
basis  of  100  moles  and  initial  composition  (xs)  of  0.5.  A  change  in  the 
relative  volatility,  the  number  of  plates,  or  the  reflux  ratio  used  in  this 
calculation  would  cause  a  change  in  the  still-product  composition  curve, 
and  therefore  in  the  series  of  values  xs  and  xD  and  finally  in  values  of  log  S, 
and  thus  change  the  shape  of  the  distillation  curve.  The  McCabe-Thiele 
procedure  or  the  Smoker  equation  were  used  in  all  the  examples  of  Figure 
55,  but  any  other  suitable  method  (Sects.  Ill  and  IV)  could  be  used  if 
simplifying  assumptions  are  not  valid.  Thus,  if  holdup  is  negligible,  the 
equation  above  may  be  used  to  estimate  effect  on  batch-distillation  curves 
of  reflux  ratio,  relative  volatility,  theoretical  plates,  or  any  other  variable 
that  can  affect  still-product  relations.  Over  the  restricted  range  that  has 
been  investigated,  curves  calculated  by  use  of  this  equation  coincided  closely 
v  it h  expei  imental  curves,165  within  the  limits  of  experimental  error  in  reflux 
ratio  and  H.E.T.P.  determinations. 


A.  EFFECT  OF  REFLUX  RATIO 

Calculations  from  Log  St  Equation.  The  calculated  curves  of  Figure  55 

give  a  definite  idea  of  the  relative  advantage  of  successive  increases  in  reflux 

ratio  when  holdup  is  negligible.  Figure  55A  shows  the  effect  when  relative 

volatility  is  1.5  and  there  are  eleven  plates;  Figures  55B-D  give  similar 

sets  of  curves  for  mixtures  with  higher  and  lower  relative  volatilities.  Each 

of  these  sets  of  curves  has  distinct  characteristics  in  spite  of  the  fact  that 

rp.  0Vel"a  fractionating  factor,  a”,  is  approximately  equal  in  all  cases 

^i^fAatdB’Whe^  =  1-5  and  2,  respectively,  a  reflux^atio 

resulte  in^lf  f  l?  SCparatlon’  and  increase  of  RD  beyond  about  30 
results  in  little  further  improvement  in  sharpness  of  separation.  This  is 

emphasized  by  comparison  with  the  curves  for  the  sharnest  nothin 

bon  calculated  on  the  assumption  of  distillation  under  total  reflux  (hT- 

>•  The  C,'rVeS  °f  FlgUres  550  a"d  11  were  calculated  for  smaller  vaiu^s  4 

Sra0k,ir  “d  RoSe'  Tram ■  Am ■  Chem.  Engrs.,  36,  285  (1940). 
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REFLUX  RATIO  OR  RELATIVE  TIME  REQUIRED 
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EFFECT  OF  REFLUX  RAT/O 
emu  /  ON  COMPOSITION  OF— 
FIRST  40%  DISTILLED 
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^  REFLUX  RATIO  OR 

^  RELATIVE  TIME  REQUIRED 

■  D 

Fig  56  Calculated  effect  of  reHux  ratio  when  holdup  is  assumed  to  he  neg- 
Hgibfe  ...  (A)  On  size  of  intermediate  fraction.  (B)  On  slope  of  break  in  distinc¬ 

tion*  curve;  ‘  the  figure  plots  the  angle  o,  the  distillation  mnve  w.th  the  honzonto 
rather  than  the  actual  slope.  (C)  On  composition  of  40  to  45%  fraction.  ( 
On  composition  of  first  40%  distilled. 
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a  (1.1  and  1.05)  but  larger  n  so  that  an  is  approximately  the  same  as  for 
Figures  55 A  and  B.  In  these  cases  a  reflux  ratio  of  9  results  in  poor 
separation,  and  high  reflux  ratios  are  necessary  to  achieve  sharp  separation. 
Increase  of  Rn  to  99  or  199  results  in  an  appreciable  improvement  in  these 
examples. 

Methods  of  Summarizing  Effect  of  Reflux  Ratio.  In  order  to  show 
clearly  the  effect  of  reflux  ratio  and  other  process  variables  under  different 
conditions  of  distillation,  it  is  desirable  to  have  some  method  of  combining 
and  summarizing  all  results  from  studies  such  as  those  of  Figure  55.  This 
may  be  done  in  a  variety  of  ways,  some  of  which  are  illustrated  in  Figure 
56.  Yield  fraction  (page  133),  could  similarly  be  used,  but  published 
curves  are  lacking. 

In  Figure  56A  the  size  of  the  intermediate  fraction  (/)  is  plotted  against 
reflux  ratio  for  each  of  the  curves  of  Figure  55,  as  well  as  for  some  addi¬ 
tional  similar  studies.  The  intermediate  fraction  includes  all  the  distillate 
intermediate  in  composition  between  the  cut  purest  in  the  more  volatile 
component  and  that  purest  in  the  other  component.  In  the  present  case 
the  limits  of  purity  have  been  arbitrarily  chosen  as  0.9  and  0.1  (mole  frac¬ 
tion  of  more  volatile  component).  The  numerical  value  for  such  an  inter¬ 
mediate  fraction  can  be  read  from  Figure  55A  as  SXD  =  0.9  —  SXD  _  0.i-  For  the 
RD  =  9  curve,  this  is  approximately  33.  Such  curves  are  advantageous  in 
that  they  show  the  relation  between  the  reflux  ratio  and  the  results  directly, 
the  lowest  possible  values  of  I  being  the  most  desirable.  The  value  of  I  may 
also  be  calculated  by  formulas  such  as  the  following.  For  the  simple  case 
in  which  both  total  reflux  and  negligible  holdup  may  be  assumed : 


^  —  $XD  =  0.9  &XD  =  o.l 

=  /:i(0.9)1/(aB-1)[a"  -  (0.9) (a”  -  1)  ]/(l  -  0.9)“"/(“n-1) 

-  ^(0.1)1/(a”-1)[an  -  (0.1)(a*  -  1)]/(1  _  o  i)W(«*-i) 

This  is  a  form  of  the  solution  of  the  Rayleigh  equation  for  fractional  dis¬ 
tillation  by  means  of  the  Fenske  equation  (Sect.  V,  equation  16)  The 
size  of  the  intermediate  fraction,  that  is,  the  sharpness  of  separation  de¬ 
pends  only  on  «»  and  kD  in  this  case.  The  integration  constant  k'D  in  turn 
depends  upon  charge  composition  and  on  so  that  these  are  the  ultimate 
variables  for  the  case  in  which  total  reflux  is  assumed.  The  choice  of  x  = 
0.9  and  =  0.1  as  the  limits  of  the  intermediate  fraction  is  arbitrary. 
)ther  choices  may  be  made  as  convenience  dictates.  Similar  equations 
may  be  derived  for  cases  in  which  total  reflux  and  negligible  holdup  cannot 

be  assumed.  n  such  cases  the  size  of  the  intermediate  fraction  Zend 
upon  the  actual  reflux  ratio  and  holdup.  P  a 

A  second  method  of  summarizing  the  effect  of  reflux  ratio  is  given  in 
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Figure  56B  in  which  the  slope  of  the  steepest  portion  of  the  break  in  the 
various  curves  of  Figure  55  is  used  as  a  measure  of  the  sharpness  of  separa¬ 
tion  and  is  plotted  against  the  reflux  ratio.  This  method  would  be  useful  in 
cases  such  as  total  reflux,  in  which  an  algebraic  solution  exists  for  the  log 
St  because  the  value  of  the  slope  at  the  point  of  inflection  where  it  is  at  a 
maximum  can  be  found  directly  by  mathematical  methods  and  without 
resort  to  the  plotting  of  graphs. 

Probably  the  simplest  and  most  useful  criterion  in  batch  fractionation  is 
the  purity  of  an  arbitrarily  chosen  fraction  collected  at  a  specified  point  just 
prior  to  the  break  in  the  distillation  curve.  In  Figure  56C  the  purity  (as  to 
the  more  volatile  component)  of  the  fraction  coming  over  between  40  and 
45%  distilled  ( S  —  60  to  55)  is  plotted  against  the  reflux  ratio.  This  set  of 
curves  probably  shows  most  clearly  the  effect  of  reflux  ratio  and  the  vari¬ 
ation  of  this  effect  with  a,  an,  and  n.  The  larger  values  of  xD  at  40  to  45% 
distilled  represent  sharper  fractionation.  Curves  A,  B,  and  E  show  the 
marked  effect  of  reflux  ratio  when  a  and  an  are  both  large  and  RD  is  small ; 
curves  C  and  D  show  the  relatively  slight  effect  when  a  is  small,  even  though 
an  is  just  as  large  as  for  curves  A,  B,  and  E.  Comparison  of  curves  C  and  G 
shows  the  effect  of  increasing  n  when  a  is  small. 

Since  the  time  required  for  distillation  of  a  specified  amount  of  product  is 
directly  proportional  to  the  reflux  ratio  used,  curves  such  as  those  of  Figure 
56  give  a  relation  between  the  time  required  and  the  results  of  a  distillation. 
In  Figure  56D,  the  average  composition  of  the  first  40%  distilled  is  plotted 
against  the  reflux  ratio  for  various  typical  cases  of  batch  distillation.  Such 
relations  are  of  great  practical  interest  since  the  proportion  of  the  chaigo 
that  is  recovered  and  the  purity  of  the  products  obtained  in  a  distillation 
determine  the  return  on  the  operation,  while  the  reflux  ratio  is  directly 
related  to  the  time,  heat  input,  and  cooling  water  consumed.  A  complete 
study  must  of  course  include  the  variation  of  prices  with  purity,  and  con¬ 
struction  costs  per  theoretical  plate. 


B.  EFFECT  OF  REFLUX  RATIO  ON  EFFECT  OF  NUMBER  OF  PLATES 

Figure  57A  gives  calculated  curves  for  the  distillation  of  an  ideal  equi- 
molar  binary  mixture  with  a  =  1.25  and  reflux  ratio  R„  =  9  in  apparatus 
with  the  equivalent  of  ten,  twenty,  thirty,  and  forty  plates.  Figure 
gives  similar  curves  for  the  identical  case  when  RD  =  49.  Figure  58  sum¬ 
marizes  these  and  a  number  of  other  cases  by  the  method  of  Figure  56C 
(40  to  45%  fraction).  The  heavy  lines  on  Figure  58  lefei  to  Figu  s 
and  B  and  similar  unpublished  curves  and  show  the  large  effect  of  n  when 
R  is  large  and  the  slight  effect  when  RD  is  small.  1  hey  also  show  that  m 
crease  i/reflux  ratio  beyond  49  gives  little  improvement  in  separation  when 
a  =  1.25  and  that  there  is  little  to  be  gained  by  using  a  large  number 
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B 

Fig.  57.  Calculated  effect  of  number  of  theoretical  plates;  (A)  'at  low 
reflux  ratio  ( RD  =  9);  (B)  at  high  reflux  ratio  (RD  =  49). 184 


Fig.  58.  Summary  of  calculated  effects  of  theoretical  plates  and 

reflux  ratio  ( R  =  RD)t  i64 
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plates  when  RD  has  as  low  a  value  as  9.  The  other  curves  of  Figure  58 
indicate  the  changes  in  these  relations  when  a  has  smaller  or  larger  values. 
In  each  ca.se,  as  RD  is  increased,  the  sharpness  of  separation  approaches 
that  of  distillation  under  total  reflux.  When  a  is  large  (1.5  or  2.0)  the 
limiting  sharpness  of  separation  is  nearly  reached  at  low  values  of  RD)  and 
further  increase  in  RD  can  have  but  little  effect.  With  the  smaller  values 
of  a  (1.1  or  1.05)  the  limiting  sharpness  is  approached  more  gradually  and 
regularly  as  RD  is  increased.  This  approach  is  often  so  gradual  that  it  is 
of  considerable  value  to  know  the  limiting  sharpness  of  separation  for  a 
specific  case.  Thus  by  making  calculations  for  total  reflux  it  is  possible 
to  show  definitely  that  curve  D  of  Figure  56C  approaches  a  value  of  xD  — 
0.94  as  a  limit,  while  curve  G  will  approach  only  xD  =  0.7  as  its  limit.  The 
limiting  sharpness  of  separation  is  determined  only  by  the  value  of  an. 
Thus  all  the  curves  of  Figure  55  approach  almost  the  same  limiting  curve 
as  Rd  is  increased,  since  an  is  nearly  the  same  for  all  cases. 


C.  EFFECT  OF  REFLUX  RATIO — STEDMAN  PROCEDURE 


Stedman166  suggested  that  the  expression: 

(kn  +  ly't'V/D 

be  used  as  a  measure  of  the  over-all  effectiveness  of  a  column  and  procedure. 
This  formula  expresses  the  relative  time  required  per  mole  per  cent  per 
theoretical  plate,  in  terms  of  n  (theoretical  plates)  and  V/D  (the  vapor- 
distillate  ratio). 


REFLUX 

RATIO 


Fig.  59.  Stedman  calculations  of  distillate  composition,  relative  time,  and  reflux 

ratio. 166 


Stedman  used  tins  expression  to  obtain  the  curves  of  Figure  59,  in  which 
relative  times  for  various  separations  of  ethyl  and  methyl  alcohol  are  plo  e( 

168  Stedman,  Can.  J.  Research,  5,  455  (1931). 
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TABLE  XVII 

Factor  by  which  Critical  Value  of  D/V  for  Infinite  Column  should  be  Multi¬ 
plied  for  Most  Economical  Work168 


Charge  composition 

X 

Adequate 

column 

Moderately 
adequate  column3 

Inadequate  column 

0.2  or  higher 

0 . 5  to  1 

0.25  to  0.5  or 

1  to  1.5 

1 . 5  to  2 . 5  or  more  as  the  column 
becomes  less  efficient 

0.05  to  0.2 

0 . 5  to  1 

0.25  to  0.5  or 

1  to  2 

2  to  3  or  more  as  above 

Less  than  0 . 05 

\ZY/x 

V  l/x 

V  1/x 

°  For  moderately  adequate  column  take  the  top  figure  if  the  column  will  just  give  the 
desired  result  in  one  distillation;  if  two  are  needed  take  the  lower  figure;  if  more  than 
two,  consider  the  column  inadequate. 


against  the  distillate-vapor  ratio.  The  graph  also  shows  the  more  fre¬ 
quently  used  reflux  ratio  ( L/D ),  and  the  purity  of  the  product  correspond¬ 
ing  to  the  various  reflux  ratios  and  relative  times.  Consideration  is  given 
to  columns  with  5,  10,  20,  40,  and  an  infinite  number  of  theoretical  plates, 
the  last  being  obtained  by  a  modified  method  of  calculation. 

l/d  d/v 


/  ),  and  that  this  minimum  is  about  half  the  D/V  value  (the  critical 
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value)  corresponding  to  zero  time  on  the  curve  for  infinite  plates.  For 
smallei  numbers  oi  theoretical  plates  (inadequate  columns)  the  minimum 
time  is  displaced  to  much  higher  distillate- vapor  ratios  (lower  reflux- 
distillate  ratios).  Stedman  generalized  his  recommendations  (see  Table 
X\  II  and  Fig.  60)  showing  the  general  effect  of  still  composition  and  rela¬ 
tive  volatility  on  the  proper  choice  of  reflux  ratio. 

Stedman’s  reasoning  involves  all  the  usual  simplifying  assumptions,  i.e., 
ideal  mixtures,  normal  liquids,  and  applicability  of  the  McCabe-Thiele  type 
of  material  balance.  The  latter  necessarily  restricts  the  recommendations 
to  steady-state  distillations,  or  to  instantaneous  conditions  during  a  batch 
distillation  with  inappreciable  holdup. 


4.  Calculated  Effect  of  Relative  Volatility  and  Number  of  Plates  (Total 
Reflux  and  Negligible  Holdup  Assumed) 


The  curves  represented  by  equation  (14)  (Sect.  V)  give  the  relation  be¬ 
tween  distillate  composition  and  per  cent  distilled  on  the  basis  of  total  reflux 
and  negligible  holdup.  Curves  such  as  those  in  Figure  61A  are  obtained, 
which  vary  in  shape  according  to  the  values  of  relative  volatility  (a)  and 
number  of  plates  (n)  substituted  in  the  equation.  Thus  D  (Fig.  61A)  repre¬ 
sents  the  curve  calculated  for  distillation  under  substantially  total  reflux  of 
100  moles  of  an  equimolar  mixture  with  a  =  1.25  and  initial  composition 
(zs)  of  0.5  in  a  column  with  the  equivalent  of  ten  theoretical  plates  and  no 
appreciable  holdup.  Curves  B  and  C  represent  the  systems  with  twenty 
and  thirty  plates,  respectively,  with  all  other  circumstances  identical. 


Curve  F  is  a  portion  of  the  corresponding  curve  for  forty  plates.  Because 
of  the  assumption  of  total  reflux  and  no  holdup,  the  curves  obtained  repre¬ 
sent  only  the  limiting  case  of  the  sharpest  possible  separation  with  the 
specified  mixture  and  column.  In  this  sense  they  are  analogous  to  product 
concentrations  of  a  chemical  reaction  as  calculated  by  means  of  equilibrium 
constants — they  represent  a  limiting  condition  that  may  not  be  attained, 
but  that  probably  cannot  be  exceeded.  This  sort  of  information  is  of  great 
value  when  a  sharp  separation  is  desired.  Even  casual  study  of  Figure  61A 
indicates  that  the  increase  from  thirty  to  forty  plates  has  a  relatively  sma 
effect  on  the  shape  of  the  distillation  curve  and  the  maximum  sharpness  ot 
separation  when  a  =  1.25,  and  that  further  increases  in  plates  can  have 
even  less  effect.  In  order  to  obtain  a  definite  measure  of  the  sharpness  o 
separation,  one  may  arbitrarily  designate  as  intermediate  fraction  (/)  all 
that  distillate  having  a  composition  between  10  and  90%  of  t  e  more 
volatile  component.  In  Figure  61B  the  moles  of  such  intermedia  e  ra¬ 
tions  (mole  per  cent  of  charge)  are  plotted  against  the  corresponding  value 
of  n.  A  law  of  diminishing  returns  is  obviously  operating,  and  there  is  . 
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optimum  number  of  plates  for  a  given  separation.  Further  increase  in 
plates  fails  to  effect  any  great  improvement  in  separation. 


Fig.  61  A.  Calculated  effect  of  relative  volatility  and  number  of 
theoretical  plates  at  total  reflux.167 


Fig.  6 IB.  Calculated  relation  between  size  of  intermediate  fraction 


167  Rose  and  Welshans,  I  ml.  Eng.  Chem.,  32,  669  (1940). 
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A.  OPTIMUM  RANGE  OF  OVER-ALL  FRACTIONATING  FACTOR 

1  he  preceding  discussions  indicate  the  greater  significance  of  the  over-all 
fractionating  factor,  an,  as  compared  with  either  the  relative  volatility,  a, 
or  the  number  of  theoretical  plates  by  themselves.  Examination  of  Figure 
62A  shows  that  only  certain  relatively  narrow  ranges  of  values  of  an  (those 
near  the  origin)  are  of  practical  interest.  Decrease  of  an  below  a  minimum 
value  results  in  poor  separation  (a  large  and  rapidly  increasing  intermediate 
fraction) ;  increase  of  a "  beyond  a  certain  maximum  can  result  in  but  little 
improvement  in  fractionation  but  does  involve  increased  cost  of  construc¬ 
tion.  In  general  only  intermediate  fractions  of  less  than  10  and  more  than 


Fig.  62.  (A)  Calculated  relation  between  size  of  intermediate  fraction  and  value 
of  overall  fractionating  factor.167  (B)  Graph  of  A  near  origin.  G,  J ,  and  K  have  same 
values  as  for  Figure  61B. 


0.5  mole  per  cent  and  the  corresponding  values  of  a"  are  of  interest.  This 
portion  of  Figure  62 A  is  plotted  on  a  larger  scale  in  Figure  62B.  Figures 
62A  and  B  apply  only  to  cases  of  substantially  total  reflux  and  negligible 
holdup,  and  show  the  calculation  of  the  limiting  cases  of  sharpest  possible 
separation  and  minimum  plates. 


B. 


minimum  plates  for  a  given  separation 


Bv  use  of  Figures  62A  and  B  it  is  possible  to  calculate  the  over-all  frac- 
tionating  factor  necessary  and  the  minimum  plates  required  for  a  given 
separation  of  a  specified  mixture.  For  example,  suppose  ,t  is  desired  to 
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make  the  intermediate  fraction  containing  90  to  10  mole  per  cent  of  the 
more  volatile  component  as  low  as  5%  of  the  charge.  (The  remaining  95  Jq 
would  constitute  the  practically  pure  fractions  of  the  two  components.) 
In  order  to  achieve  this,  with  a  =  1.25,  n  must  be  about  25.  A  column  of 
at  least  this  number  of  plates  would  be  necessary  to  attain  the  desired 
separation. 


C.  CALCULATED  POSITION  OF  BREAK  IN  DISTILLATION  CURVE 

It  is  common  practice  in  analytical  fractionation  to  use  the  break  in  dis¬ 
tillation  curves  as  a  basis  for  establishing  a  cut  point  and  thereby  determin¬ 
ing  the  composition  of  the  mixture  being  distilled.  Examination  of  curves 
B  and  C  (Fig.  61A)  shows  that  the  most  nearly  vertical  portion  of  the  curves 
does  not  coincide  with  50  mole  per  cent  distilled,  as  might  be  expected. 
Instead  it  occurs  at  a  slightly  greater  percentage  distilled.  If  in  C  (Fig. 
61  A)  the  cut  point  were  placed  to  correspond  either  to  the  steepest  portion 
of  the  curve  or  to  distillate  composition  of  50  mole  per  cent,  the  original 
sample  composition  would  come  out  nearly  51%.  This  displacement  of  the 
steepest  portion  of  the  curve  becomes  greater  with  smaller  values  of  an. 
Thus  with  a*  =  86  (curve  B )  a  sharp  break  is  obtained  but  is  displaced 
several  per  cent.  Similar  effects  may  also  be  noted  in  the  curves  of  Figure 
55,  which  were  calculated  for  finite  reflux  and  negligible  holdup.  In  actual 
practice  it  is  often  not  mole  per  cent  product  distilled  that  is  plotted  as 
abscissa,  but  more  probably  weight  per  cent.  Furthermore  the  ordinates 
are  often  not  composition  of  product  in  mole  per  cent  but  boiling  point  or 
some  other  property  not  linearly  related  to  molar  composition.  These 
factors  lead  to  distortion  of  various  kinds  in  actual  distillation  curves  that 
have  not  been  closely  examined. 


5.  Calculated  Effect  of  Initial  Composition  on  Shape  and  Position  of 

Distillation  Curves 

It  was  stated  above  (page  153)  that  the  major  effect  of  a  change  in  initial 
composition  was  to  displace  the  calculated  distillation  curve  alone  the 
horizontal  ax,s.  This  statement  applies  to  log  S,  curves  (page  102)  calcu¬ 
lated  for  cases  in  which  holdup  is  assumed  to  be  zero.  If  the  initial  com 

e“nste:°'5  “  “d  °'7  in  an0ther  “* - tl>e  corresponding 


log  S<0., 


loS  S„.T 


=  log  s(  -  A 

=  logs, -A 


dxs 

xD  —  xs 
dxs 

Xd  —  xs 


and: 
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in  which  Sl0,t  and  St0_,  represent  values  of  S  corresponding  to  the  same  still 
composition,  xst,  for  each  of  the  two  cases.  The  charge  Sc  and  the  Xp  versus 
xs  relations  are  the  same  for  the  two  cases,  so  that  subtraction  of  the  first 
equation  from  the  second  gives: 

1  r0-7  dxs 

log  £fo.7  —  log  =  —  I  - - —  —  a  constant 

2.3  J  0.5  XD  —  Xs 


The  distillation  curve  for  initial  composition  (xsc)  of  0.7,  i.e.,  the  series  of 
values  of  log  S  for  this  case,  can  be  obtained  from  the  corresponding  values 
for  the  case  xsc  =  0.5  merely  by  adding  the  constant: 

*  r  7  dxs 

2.3  J o.5  xD  —  xs 


Thus  any  value  of  log  differs  from  the  corresponding  value  of  log  Sk.t 
by  a  constant  factor,  as  long  as  Sc  is  the  same  and  the  same  series  of  xD  and 
xs  values  are  used.  Choice  of  xsc  values  other  than  0.5  and  0.7  does  not 
alter  the  reasoning.  Because  the  corresponding  logarithms  differ  by  a  con¬ 
stant,  the  values  of  S  themselves  differ  by  an  exponentially  increasing 
amount,  and  so  the  break  in  the  distillation  curve  will  be  sharper  for  higher 
initial  compositions. 


6.  Calculation  of  Reflux  Ratio  and  Theoretical  Plates  by  Pole-Height 
Equations  for  Total  Reflux  and  Negligible  Holdup 

The  pole  height,  <r,  of  a  binary  batch-distillation  curve  is  defined168  as  the 
product  of  the  slope  of  the  curve  at  midheight,  ms,  and  the  fraction  of  the 
charge  remaining  in  the  pot,  Sa : 

cr  = 

When  holdup  is  negligible,  the  pole  height  has  the  property  ot  being  inde¬ 
pendent  of  charge  composition,  as  exemplified  in  Figure  63.  For  usefully 
sharp  separations  the  fraction  of  the  charge  remaining  in  the  pot  at  the 
midpoint  of  the  distillation  curve  is  approximately  equal  to  the  fraction  ot 
the  heavy  component  in  the  original  charge,  so  that . 

S„  =  l  -  xc 


This  gives: 

a  =  771,(1  -  xc)  or  ms  =  a/ (l  -  xc) 

Since  <r  is  identical  for  a  given  set  of  values  of  a,  n,  and  Ro,  it  follows  that 
the  sharpness  of  separation  is  inversely  proportional  to  the  concentratio 

Bowman  and  Cicholli,  Ini.  Eng.  Chem.,  41,  1985  (1949). 
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of  the  heavy  component  in  the  charge.  Better  separation  is  obtained  on 
rich  mixtures  than  on  lean  ones,  as  has  already  been  noted  in  the  preceding 
section  on  the  effect  of  initial  composition.  The  dependence  of  the  pole 
height,  a,  on  «  and  n  at  infinite  reflux  is  shown  by  Bowman  and  Cichelli  to 


which  reduces  to  a  =  an/ 8  when 
separation  is  sharp,  so  that  a2n  is  large 
compared  with  unity.  This  is  derived 
from  the  Rayleigh  equation  in  the 
form: 

S(d,xs/dS)  =  xD  —  xs 

by  multiplying  both  sides  by  dxD/dxs: 

S(dxD/d,S)  =  ( dxD/dxs)(xD  -  xs ) 

and  combining  with  the  derivation  of 
the  still-product  composition  relation 
for  total  reflux: 

xD 

xs  =  - - - - — ■ 

an  —  (an  —  l)xD 

( dxD/dxs )  =  (l/an)[an  -  (an  -  l)*,,]2 
The  result  is: 

S(dxD/dS)  =  (l/an)xD(l  -  xD) 

(«n  -  l)[an  -  (an  -  l)xD] 

Forxz,  =  V2  (midheight  of  distillation 
curve) : 


Fig.  63.  Uniform  pole  heights  of  batch- 
distillation  curves  (IF  =  S).168 

=  (a2"  -  l)/8a» 


S(d.xD/dS )  =  Scms  = 

The  derivation  and  result  are  applicable  only  for  total  reflux,  negligibl 
holdup,  constant  relative  volatility,  and  the  other  usual  simplifying  assump 

For  these  circumstances  the  corresponding  slope  of  the  distillation  curv 
at  xD  =  y2  becomes: 


-vs  —  u  /0^  _  Xcj 

if  the  approximation  Sa  =  1  -  x  is  nsod  n  •  1  • 

Dlates  mmiirori  f  •  1  c  1S  USed‘  ^1S  basis  number  of 

plates  requned  for  a  given  slope  or  pole  height  is: 

n  =  loS  8(!  ~  Xc)ms/\og  a  =  log  8<r/log  a 
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When  the  number  of  plates  is  very  large  and  separation  is  controlled  by  re¬ 
flux  ra,tio,  a  derivation  similar  to  the  above  gives: 

a  ~  V 2 [(<*  —  1  )Rd  «] 

and: 


R» 


2a  —  a  _  2(1  —  xc)ms  —  a 
a  —  1  a  —  1 


For  very  sharp  separations  these  become: 


Rd 


2a 

a  —  1 


2(1  —  xc)ms 
a  —  1 


and  the  quantity  RD(a  —  1)  is  thus  a  measure  of  the  sharpness  of  separation 
for  the  conditions  of  the  derivation. 

Bowman  and  Cichelli  recommend  doubling  the  values  of  reflux  ratio  and 
plates  calculated  by  the  above  formulas  when  they  are  used  to  estimate  the 
conditions  for  a  particular  separation.  The  formulas  are  also  useful  in 
estimating  the  lower  reflux  ratio  required  for  a  long  column  which  is  to 
make  the  same  separation  as  a  short  one  at  higher  reflux.  Laboratory  dis¬ 
tillations  are  often  run  at  relatively  high  reflux  ratios,  but  efficient  columns 
and  low  reflux  are  preferable  for  large-scale  operations.  Another  applica¬ 
tion  is  the  use  of  the  formula: 

n  =  log  8<r/log  a 


to  estimate  the  number  of  plates  in  a  column  from  a  distillation  curve  ob¬ 
tained  at  high  reflux.  The  equation : 


S  =  (1  —  xe) 


/ 


1 

(a:  —  1  )Rd- 


can  serve  as  a  means  of  estimating  the  proper  reflux  ratio  for  cases  in  which 
reflux  is  controlling.  The  proper  value  is  the  minimum  that  will  give  sub¬ 
stantially  pure  more  volatile  component  as  distillate.  Higher  reflux  wi 
improve  purity  but  little,  while  a  decrease  in  reflux  will  decrease  purity  con¬ 
siderably. 


7.  Calculation  of  Theoretical  Plates  from  Relative  Volatilities  and 

Empirical  Fractionating  Factors 

On  the  basis  of  actual  experience  with  a  variety  of  columns  Cook'8*  has 
suggested  a  fractionating  factor  («■)  of  1000  for  ordinary  d.st.llat.ons  and 
of  1 0,000  for  precision  distillation.  The  first  of  these  figu. res  .s  oM amed  on 
the  assumption  that  ordinary  distillation  will  be  sat.sfactory  ,f  the  distillate 
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is  99%  pure  when  the  still  contains  10%  of  the  most  volatile  component, 
and  90%  pure  when  the  still  composition  is  1%  of  the  most  volatile  com¬ 
ponent.  Substitution  of  these  values  in  the  expression  : 

%Da/%DB  =  a"  {'Xsa/ %sb) 


gives  approximately  1000  in  each  case.  For  precision  distillation  the  dis¬ 
tillate  purities  are  increased  to  99.9  and  99.0%,  respectively,  and  an  is 
accordingly  raised  by  a  factor  of  ten.  The  theoretical  plates  needed  for 

TABLE  XVIII 

Theoretical  Plates  from  Empirical  Fractionating  Factors169 


Difference  in  boiling 


a 

points, 

3.00 

30 

2.00 

20 

1.50 

10 

1 .30 

7 

1.25 

6 

1.20 

5 

1.15 

'  4 

1.12 

3 

2. 

1.07 

2 

Plates  needed 


Ordinary  Precision 

distillation  distillation 


5 

8 

9 

13 

17 

22 

25 

35 

30 

42 

38 

50 

50 

65 

70 

80 

— 

100 

100 

150  + 

various  cases  may  then  be  obtained  from  Table 
note  that  these  relations  are  approximately  the 
use  of  the  equations: 


X\  III.  It,  is  of  interest  to 
same  as  those  predicted  by 


2.85 

n  =  : -  =  Rd 


and 


n  = 


Tb  +  Ta 


'°g  “  "  "  3( Tb  -  Ta) 

which  are  discussed  in  the  succeeding  paragraphs. 

8.  Correlation  of  Combined  Effects  of  Relative  Volatility,  Reflux  Ratio 

and  Theoretical  Plates170 

: sit  C®n^enient  ^relation  has  been  achieved  through  the  concent  of  -i 

5id  iESi  “£ 

filiation  are  justified  and  holdup  is  negS  aSSUmptl0ns  of  dis' 

1,0  Rose» Ind-  En0-  Chern 33,  594  (1941). 
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In  batch  fractionation  it  is  confusing  to  use  the  difference  between  still 
and  pi  oduct  compositions  as  a  measure  of  the  effectiveness  of  the  process. 
This  is  because  the  compositions  and  differences  in  composition  are  chang¬ 
ing  continually  throughout  the  distillation.  The  best  procedure  is  to  use 
the  shape  of  the  actual  curve  of  product  composition  versus  per  cent  dis¬ 
tilled  ( S ,  xD  curves)  as  the  measure  of  effectiveness  and  thus  relate  the  con¬ 
ditions  (a,  n,  RD}  etc.)  of  the  distillation  directly  to  the  final  results.  This 
has  been  done  by  choosing  a  standard  separation,  as  follows: 

Each  curve  of  Figure  2  (p.  11)  represents  a  different  separation  of  two 
components.  Each  may  be  satisfactory  for  some  purpose,  and  each  separa¬ 
tion  requires  different  conditions.  Thus  for  an  ideal  binary  equimolar 
mixture  with  a  —  1.25  it  can  be  calculated  that  ten  plates  are  necessary  to 
obtain  curve  A,  twenty  plates  for  curve  B,  and  thirty  plates  for  curve  C, 
provided  the  proper  reflux  ratio  is  used  in  each  case  and  holdup  is  negli¬ 
gible.  Before  attempting  to  devise  any  means  for  calculating  the  number 
of  plates  required  for  a  separation  of  the  two  components,  it  is  essential  to 
choose  one  batch-fractionation  curve  as  a  standard  of  satisfactory  separa¬ 
tion  of  the  two  components. 

To  make  such  a  choice  it  has  been  assumed  that  for  most  practical  pur¬ 
poses  a  curve  such  as  B  of  Figure  2  will  be  considered  a  satisfactory  separa¬ 
tion.  The  first  40%  distilled  will  have  an  average  purity  greater  than  95%. 
This  is  therefore  designated  the  standard  separation ;  the  following  para¬ 
graphs  deal  with  the  methods  for  calculating  approximately  the  number  of 
plates  needed  to  achieve  a  separation  of  this  standard  sharpness.  The 
reasoning  assumes  charge  compositions  of  50  mole  per  cent,  but  is  approx¬ 
imately  applicable  to  other  charge  compositions. 

The  calculated  values  of  relative  volatility,  reflux  ratio,  and  equivalent 


theoretical  plates  that  will  result  in  such  a  standard  distillation  curve  have 
been  correlated  in  Figure  3  (p.  12).  The  individual  points  for  each  curve 
for  different  values  of  a  were  obtained  from  graphs  such  as  those  of  Figures 
55  and  57.  For  instance,  Figure  57B  shows  that  with  a  =  1.25  and  RD  = 
49,  about  twenty  plates  are  necessary  to  obtain  a  separation  as  sharp  as  the 
standard  (B  of  Fig.  2).  This  is  expressed  in  Figure  3  by  a  point  A  on  the 
curve  for  a  =  1.25.  A  similar  set  of  calculated  curves  for  a  -  1.25  with 
reflux  ratio  RD  =  29  and  a  series  of  values  of  n  shows  that  about  25  plates 
are  required  in  this  case  to  give  the  desired  separation.  This  is  expressed  as 
point  B  in  Figure  3.  Other  points  on  the  curve  for  a  =  1.25  on  higure  3 
were  obtained  by  a  similar  procedure,  as  were  the  values  needed  to  obtain 
the  curves  shown  for  a  =  1.05,  1.1,  and  2.  i 

This  correlation  indicates  that  it  should  not  be  necessary  o  x  ^ 

of  n  in  order  to  achieve  the  desired  standard  separation,  since  an\  v 
within  a  considerable  range  will  be  adequate.  Within  this  range  a  lower 
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value  of  n  may  be  compensated  by  a  corresponding  increase  in  RD,  and 
higher  values  of  n  may  allow  use  of  a  smaller  Rd •  It  is  essential  for  n  to 
remain  within  the  desirable  range  since  values  of  n  that  are  too  low  cannot 
be  compensated  by  increase  in  reflux  and  those  that  are  too  high  do  not 
allow  a  corresponding  decrease  in  reflux.  To  achieve  the  standard  separa¬ 
tion  with  the  most  effective  use  of  the  plates  in  a  column  (and  of  the  time 
consumed)  the  reflux  ratio  should  not  be  less  than  2A  nor  more  than  3/2  of 
the  number  of  plates. 

The  diagonal  straight  line : 

Rd  —  n  =  2.85/log  a 

was  arrived  at  by  inspection,  and  by  analogy  with  the  similar  equation : 

n  =  log  an/\og  a 

in  the  following  manner:  It  can  be  shown  (see  curve  B,  Fig.  61  A)  that  the 
standard  separation  of  a  normal  mixture  could  be  achieved  at  total  reflux 
by  using  a  value  of  n  large  enough  so  that  the  over-all  fractionating  factor, 
an,  is  about  100.  Thus  the  number  of  plates  could  be  calculated  by  the 
equation: 

n  =  log  100/log  a 

This  is  of  limited  usefulness  because  it  applies  only  for  total  reflux  or  its 
equivalent,  but  it  seems  reasonable  to  assume  that  the  same  form  of  equa¬ 
tion  might  be  used  for  calculation  of  plates  required  at  finite  reflux  i  e 
that: 


n  =  C/ log  a 

The  diagonal  line  in  Figure  3  with  C  =  2.85  is  the  desired  relation  The 

line  representing  the  lower  limit  of  the  desirable  range  of  n  is  given  approx- 
imately  by: 


n  =  2.3/log  a 

and  the  line  representing  the  upper  limit  by: 


n  =  6 


o/log  a 


The  values  of  the  constants  were  obtained  entirely  by  inspection,  that  is 
it  can  be  seen  by  exammation  of  Figure  3  that  use  of  a  combination  of  re- 
flux  ratios  and  plates  outside  these  limits  involves  either  the  use  of  too  high 
a  reflux  ratio  or  too  many  plates.  Thus  for  a  =  1  2^  th*  e  ,  h  g 

plates  and  reflux  ratio  of  RD  =  80  gives  substantially  ’  ^  UfeC  °  twenty 
twenty  plates  and  RD  =  40.  ‘  "  ‘  same  separation  as 
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A.  SEPARATION  OF  CLOSE-BOILING  MIXTURES 

The  great  difficulty  of  sharp  separation  of  close-boiling  mixtures  with 
small  relative  volatility  is  indicated  by  the  curve  for  a  =  1.05  in  Figure  3. 
Not  only  are  a  very  large  number  ol  plates  required,  but  the  minimum  re¬ 
flux  ratios  are  also  large.  No  doubt  the  time  required  to  reach  equilibrium 
becomes  a  factor  in  such  cases.  In  Figure  64  are  plotted  the  values  of  n 


Fig.  64.  Calculated  ranges  of  theoretical  plates  (and  reflux  ratios) 
suitable  for  standard  separation  at  different  relative  volatilities  (n  =» 
C  / log  a).170 


(or  Rd)  required  to  obtain  the  standard  separation  with  various  relative 
volatilities.  This  indicates  the  exponential  increase  in  the  plates  required 
as  relative  volatility  approaches  unity.  The  inclusion  of  the  minimum  and 
maximum  curves  emphasizes  the  relatively  narrow  range  over  which  n  and 
Rd  may  vary  in  order  to  achieve  the  desired  separation  efficiently,  or  at  all. 


B.  CALCULATION  OF  PLATES  REQUIRED  FROM  DIFFERENCE  IN  BOILING  POINTS 

A  method  for  calculating  plates  required  directly  from  boiling  points 
would  obviously  be  of  great  use.  It  must  be  realized  at  the  start  that  all 
such  methods  are  subject  to  serious  limitations  and  cannot  be  used  indis¬ 
criminately  At  best  they  can  indicate  only  the  general  neighborhood  of 
he  value  of  n,  but  even  this  is  so  important  that  it  seems  desirable  to  pom 
,  „t  the  basis  for  such  calculations.  This  basis  lies  in  the  combination  of 
the  equation  n  =  Cf log  a  with  Trouton’s  rule  and  the  approximate  C  apt  j 
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ron  equation.  Thus  for  a  pair  of  liquids  A  and  B  ( B 
Trouton’s  rule  states: 


is  higher  boiling), 


20.5(2*  -  T A)  =  X*  -  XA 

in  which  TB  and  TA  are  the  boiling  points  at  absolute  temperature,  and  X* 
and  X.4  the  corresponding  heats  of  vaporization.  The  approximate  Clapey- 
ron  equation  for  the  same  two  liquids  is : 

X*  -  X.4  =  RT  In  pA  -  RT  In  pB 


in  which  R  is  the  constant  in  pV  =  NR T  and  pA  and  pB  are  the  vapor  pres¬ 
sures  of  the  two  liquids  at  T  =  (TA  +  71*)/ 2.  The  last  equation  may  be 
written  as  approximately : 


X*  —  X.4  —  2.3(7  *  +  1 A)  log  a 


if  Ta  and  TB  are  not  widely  different.  Combining  this  with  the  Trouton 
expression  gives: 


20.5(7*  -  Ta)  =  2.3 (T*  +  TA)  log  a 
and  this  with  n  =  C/ log  a  gives: 

n  =  2.3C(7*  +  7t.4)/20.5(7*  -  TA) 
which  is  of  the  form: 


n  =  (Tb  +  TA)/k(TB  -  Ta) 

When  the  constant  C  in  n  =  C/ log  a  has  its  optimum  value  2.85,  this  be¬ 
comes  : 


n  =  (7*  +  Ta)/S(Tb  -  Ta) 

At  about  room  temperature  (27 °C.)  the  above  equation  becomes: 


n  =  200/ AT7 


and  at  77  °C. : 


n  =  233  A  7 


It  is  obvious  that  the  same  equations  and  the  relation  H„  =  «  =  2  85/loir  « 

may  be  userl  for  calculating  the  required  reflux  ratio.  (Compare  with  page 
22  lor  similar  relation  lor  a.)  ^  h 
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Par t  1 .  APPARATUS 


I.  INTRODUCTION 

A  batch  rectification  unit  consists  of  a  still  pot,  rectifying  section,  and 
still  head  as  major  components.  The  still  pot  holds  the  distilland  and 
transmits  the  heat  required  to  boil  the  charge  and  to  supply  vapor  to  the 
bottom  of  the  fractionating  section.  In  the  rectifying  section,  or  column, 
the  upflowing  vapors  and  downflowing  reflux  liquid  are  intimately  con¬ 
tacted  to  obtain  interaction  leading  to  the  exchange  of  heat  and  material 
between  the  phases  to  produce  fractionation.  Since  the  actual  separation 
of  the  individual  components  making  up  the  still-pot  charge  is  effected  in 
the  rectifying  section,  it  is  the  most  important  part  of  the  entire  unit. 
Most  of  the  increased  efficiency  of  modern  laboratory  rectification  equip¬ 
ment  has  been  achieved  by  improvement  of  the  rectifying  section. 

The  devices  used  for  vapor-reflux  contacting  are  of  two  general  types: 
the  film  type  and  the  plate  type.  The  film-type  rectifying  section  can  be 
further  subdivided  into  the  simple  and  complex  varieties.  In  the  simple 
or  “wetted-surface”  variety  of  film-type  rectifying  section  the  counter- 
current  vapor  and  liquid  streams  follow  predetermined  simple  paths 
through  the  column,  and  diffusional  processes  are  relied  upon  for  interac¬ 
tion  of  the  two  phases.  A  vertical  open  tube  is  an  elementary  example  of 
this  form  of  column.  Numerous  modifications  exist  in  which  devices  are 
inserted  in  the  tube  to  change  the  shape  and  length  of  the  passageway  or 
modify  the  liquid-film  surface,  but  in  all  cases  the  two  phases  follow  pre¬ 
scribed  paths.  The  complex  form  of  film-type  rectifying  column  is  gener¬ 
ally  called  a  “packed”  column  and  consists  of  a  vertical  tube  filled  with 
solid  material  or  “packing”  to  break  up  the  direct  path  through  the  tube 
The  packmg  matena  is  usually  of  a  regular  size  and  shape  and  is  packed  at 
om  in  the  distilling  tube.  The  vapor  and  reflux  follow  a  tortuous, 
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unpredictable  path  through  the  packed  section,  and  the  two  phases  thor¬ 
oughly  interact  by  diffusion  at  the  surface  of  the  packing.  Since  packed 
columns  are  easy  to  construct  and  have  good  operating  characteristics, 
they  are  more  widely  used  in  the  laboratory  than  any  other  type. 

A  plate  rectifying  column  consists  of  a  tube  containing  a  vertical  series 
ot  equally  spaced  horizontal  plates  which  impede  the  downward  flow  of  the 
reflux.  Liquid  gathers  on  the  upper  surface  of  the  plate  until  it  reaches  a 
predetermined  level  maintained  by  an  overflow  pipe.  This  pipe  extends 
into  the  liquid  layer  on  the  next  lower  plate  and  furnishes  it  with  reflux. 
\  arious  methods  of  plate  construction  are  employed  to  disperse  the  ascend¬ 
ing  vapor  to  allow  it  to  bubble  through  and  interact  with  the  reflux  liquid 
on  the  plate. 

Other  considerations  being  equal,  the  rectifying  section  showing  the 
greatest  enrichment  per  unit  length  is  the  most  desirable.  However,  de¬ 
pending  upon  the  particular  fractionation  problem  involved,  other  factors 
may  have  a  more  important  bearing  on  the  choice  of  the  rectifying  section. 
The  throughput  or  capacity  of  the  column  is  one  of  the  factors  which  de¬ 
termines  the  time  required  to  carry  out  the  fractionation.  Plate  and  packed 
columns  generally  have  much  higher  throughputs  than  the  simple  wetted- 
surface  columns  for  a  given  fractionating  efficiency.  The  operating  holdup 
is  another  important  factor  in  the  choice  of  a  rectifying  section.  Gener¬ 
ally,  it  is  desirable  to  have  the  holdup  as  small  as  possible,  particularly 
when  fractionating  charges  containing  some  constituents  in  small  amount. 
Simple  wetted-surface  columns  have  low  holdup  compared  with  plate  or 
packed  columns.  Pressure  drop  across  the  rectifying  section  is  an  impor¬ 
tant  consideration  particularly  in  vacuum  fractionations.  The  pressure 
drop  of  plate  columns  is  considerably  higher  than  that  of  the  other  types 
for  a  given  throughput. 

The  still  head  which  is  above  the  rectifying  section  serves  the  dual  func¬ 
tion  of  furnishing  the  column  with  reflux  and  of  delivering  fractionated 
product  to  the  distillate  receiver.  As  a  consequence  ot  these  iunctions, 
the  still  head  also  controls  the  reflux  ratios.  The  vapors  from  the  column 
are  either  partially  or  totally  condensed  in  the  still-head  condenser.  If  a 
partial  condenser  is  used,  all  the  condensed  vapor  is  returned  to  the  column 
as  reflux  and  the  uncondensed  portion  passes  to  an  auxiliary  condenser. 
If  a  total  condenser  is  employed,  the  still  head  contains  a  partitioning  de¬ 
vice  for  withdrawing  a  portion  ot  Ihe  condensate  as  product  and  returning 
the  remainder  to  the  column  as  reflux.  Partial  condensers  improve  the 
fractionation  by  effecting  further  enrichment  of  the  vapors;  however,  the 
enrichment  achieved  is  very  slight  and  since  the  operation  ot  a  partial 
condenser  is  difficult  to  control,  most  laboratory  fractionating  units  em¬ 
ploy  total  condensers.  The  proper  functioning  ot  the  still  pot,  rectifying 
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section,  and  still  head  requires  considerable  auxiliary  equipment.  Many 
well  constructed  and  potentially  highly  efficient  fractionating  units  give 
unexpectedly  poor  results  in  actual  operation  due  to  the  inadequacy  of  the 
auxiliary  control  equipment. 

As  shown  in  Chapter  1,  the  rectifying  section  must  operate  under  adia¬ 
batic  conditions  in  order  to  obtain  the  maximum  amount  of  sepaiation. 
None  of  the  latent  heat  of  the  vapors  entering  the  rectifying  section  should 
be  used  to  compensate  for  heat  lost  to  the  surroundings  through  the  column 
walls.  Neither  must  heat  flow  through  the  column  walls  and  vaporize  a 
portion  of  the  reflux.  Vacuum  jackets  or  compensating  heat  jackets  are 
the  methods  generally  used  to  obtain  adiabatic  conditions. 

Since  the  column  efficiency  varies  with  throughput,  it  is  essential  for 
proper  interpretation  of  the  distillation  curves  that  the  throughput  be 
maintained  constant.  To  accomplish  this,  vapors  must  be  generated  in  the 
still  pot  at  a  steady,  uniform,  and  controllable  rate.  If  the  still  pot  is 
properly  designed  and  is  readily  responsive  to  changes  in  the  heat  supplied 
by  the  still-pot  heater,  a  back-pressure  manometer  can  be  connected  be¬ 
tween  the  still  pot  and  condenser  section  to  indicate  and  control  the 
throughput. 

In  order  to  follow  the  course  of  the  fractionation  it  is  customary  to  meas¬ 
ure  the  temperature  of  the  reflux.  Several  types  of  temperature-measur¬ 
ing  devices  are  used  for  this  purpose.  The  proper  placing  of  the  measuring 
element  in  the  still  head  to  ensure  accurate  and  reproducible  readings  is 
the  most  important  problem  connected  with  the  measurement  of  reflux 
temperatures.  Accurate  determination  of  reflux  temperature,  particu¬ 
larly  in  vacuum  fractionations,  requires  a  constant  pressure  at  the  head  of 
the  column.  In  addition  to  affecting  the  reflux  temperature,  variations 
in  pressure  also  affect  the  efficiency  of  the  rectifying  section.  It  is  almost 
imperative  that  the  pressure  be  controlled  automatically;  a  number  of 
manostat  systems  have  been  devised  for  this  purpose.  When  the  column 
is  operating  under  reduced  pressure,  it  is  essential  that  the  fractionating 
unit,  be  equipped  with  a  distillate  receiver  to  permit  withdrawal  of  frac¬ 
tions  without  disturbing  the  operation  of  the  column. 

Many  precise  fractionations  require  more  than  a  month  of  continuous 
operation  for  completion ;  therefore,  in  order  to  prevent  excessive  distilla¬ 
tion  losses,  the  number  of  joints  must  be  kept  to  a  minimum.  In  particu- 
ar,  ground-glass  joints  in  contact  with  hot  vapors  are  to  be  avoided  All 
stopcocks  should  be  precision  ground  and  lubricated  with  a  grease  which 
will  not  react  with  or  be  dissolved  by  the  material  being  distilled 

A  properly  constructed  fractionating  unit  combines  all  the  elements 
mentioned  into  a  good  workable  unit.  Construction  should  be  such  thlt 
the  assembly  is  mechanically  strong,  easily  cleaned,  versatile  as  to  operat- 
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mg  temperatures  and  pressures,  and  the  construction  material  should  be 
corrosion  resistant  toward  the  materials  to  be  fractionated. 

In  the  laboratory,  fractionating  columns  are  used  for  a  wide  variety  of 
problems  involving  the  purification  or  analysis  of  materials.  The  equip¬ 
ment  requirements  relative  to  theoretical  plates,  throughput,  holdup,  and 
similar  factors  for  optimum  efficiency  in  these  various  applications  may  not 
be  identical.  Furthermore,  in  cases  in  which  laboratory-scale  fractional 
distillation  is  used  extensively  as  a  primary  tool  for  analysis  or  sample  prep¬ 
aration,  expensive  intricate  equipment  is  justified;  whereas  in  cases  in 
which  fractional  distillation  has  infrequent  application,  only  the  simpler 
and  less  expensive  types  of  apparatus  are  justified.  For  these  reasons,  no 
attempt  will  be  made  in  the  ensuing  discussion  to  designate  any  rectifica¬ 
tion  assembly  as  the  best;  instead,  the  advantages  and  disadvantages  of 
the  various  designs  in  common  use  will  be  presented  to  aid  the  reader  in  the 
selection  of  equipment  for  particular  rectification  problems. 


II.  COLUMN  SECTION 
1.  Types  of  Columns 

A.  WETTED-SURFACE  COLUMNS 

In  the  wetted-surface  variety  of  film-type  column,  the  vapor  and  reflux 
streams  follow  prescribed  paths  through  regularly  shaped  passageways, 
generally  of  simple  structure,  such  as  an  open  tube,  concentric  tube,  or 
spiral  tube.  The  downward  flowing  reflux  covers  the  surface  forming  the 
passageway  with  a  thin  film  of  liquid  which  interacts  with  the  ascending 
vapor  stream  to  effect  the  separation  of  the  constituents.  The  ovei-all 
transfer  process  consists  of  three  parts;  mixing  across  the  liquid  film, 
vapor-liquid  transfer  at  the  phase  interface,  and  radial  mixing  of  the  vapor. 
Usually  the  first  two  processes  are  quite  rapid,  and  the  vapor  diffusion 
process  controls  the  over-all  rate  of  transfer.  In  most  wetted-surface 
columns  the  vapor  flow  is  streamlined,  and  under  these  conditions  the  vapor 
diffusion  process  is  slow  so  that  the  throughput  is  low  when  the  column 
is  operating  with  reasonable  fractionation  efficiency.  It  is  not  unusual  to 
operate  wetted-surface  columns  at  take-off  rates  as  low  as  0.1  ml.  per  houi , 
at  these  rates  the  rectification  efficiency  may  be  very  high. 

Owing  to  the  open,  uncomplicated  construction,  the  holdup  and  pres¬ 
sure  drop  of  wetted-surface  columns  is  generally  very  much  lower  than  can 
be  obtained  in  packed  columns  or  plate  columns  of  equivalent  rectification 
efficiency.  In  order  to  obtain  the  low  throughputs  required  for  efficient 
operation,  it  is  essential  that  the  jacket  surrounding  the  rectification  section 

be  extremely  efficient. 
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The  combination  of  high  rectification  efficiency  and  low  holdup  make 
wetted-surface  columns  very  attractive  for  analytical  fractionations,  par- 
ticularly  those  involving  small  quantities  of  material. 

Empty  Tube  Columns.  The  simplest  type  of  rectifying  section  con¬ 
sists  of  a  straight,  vertical  empty  tube  of  circular  cross  section.  This 
design  is  amenable  to  mathematical  treatment  as  is  shown  in  Chapter  I 
(Section  IV).  In  spite  of  their  simplicity,  empty -tube  columns  have  not 
been  extensively  studied;  however,  the  literature  gives  a  few  leleiences. 
Rose1  studied  1-ft.  sections  of  empty  tubes,  0.3  cm.  and  0.6  cm.  in  diameter; 
the  results  are  shown  in  Table  I. 


TABLE  I 


Empty-Tube  Column  (30.3-Cm.  Long)  Rectification  Efficiency  at  Total  Reflux 


Column  diameter 

Through¬ 
put 
liquid, 
ml. /min. 

0.3  cm. 

Through¬ 
put 
liquid, 
ml. /min. 

0.6  cm. 

Vapor 
velocity, 
cm. /sec. 
(calc.) 

H.E.T.P., 

cm.° 

Vapor 
velocity, 
cm. /sec. 
(calc.) 

H.E.T.P., 

Vacuum 

jacket 

cm.° 

Vacuum 

jacket 

and 

heater 

Vacuum 

jacket 

Air 

jacket 

8.0 

144 

— 

60.6 

3.00 

216 

30.3 

23.3 

6.2 

112 

— 

60.6 

5.0 

90.0 

60.6 

30.3 

2.00 

144 

15.1 

20.2 

2.5 

45.0 

30.3 

30.3 

1.60 

115 

7.6 

13.8 

1.9 

34.2 

— 

15.1 

1.30 

93.6 

10.1 

7.6 

1.4 

25.2 

15.1 

— 

1.00 

72 

5.05 

4.33 

0.9 

16.2 

6.1 

15.1 

0.80 

57.6 

4.33 

b 

0.8 

14.4 

4.33 

7.6 

0.56 

40.3 

3.19 

b 

0.45 

8.1 

b 

5.05 

0.22 

3.96 

b 

2.33 

0.17 

3.06 

b 

1.73 

°  Determined  with  benzene -carbon  tetrachloride  test  mixture. 
6  No  reflux  at  top  of  column. 


As  illustrated  in  Figure  1,  Westhaver5  showed  that  calculated  values  of 
H.E.T.P.  were  in  good  agreement  with  Rose’s1  experimental  results  for  the 
0.6-cm.  column  insulated  with  a  vacuum  jacket  and  compensating  heater. 
Using  only  the  vacuum  jacket,  the  0.6-cm.  column  showed  greater  efficiency 
than  when  the  heater  was  also  used.  Since  throughputs  were  measured 
only  at  the  base  of  the  columns,  the  results  can  probably  be  explained  on 

1  Rose,  A.,  Ind.  Eng.  Chem.,  28,  1210  (1936). 

2  Craig,  L.  C.,  Ind.  Eng.  Chem.,  Anal.  Ed.,  9,  441  (1937). 

3  Bragg,  L.  B.,  Ind.  Eng.  Chem.,  Anal.  Ed.,  11,  283  (1939). 

4  Kuhn,  W.,  and  Ryffel,  Helv.  Chim.  Acta,  26,  1693  (1943) 

6  Westhaver,  Ind.  Ena.  Chem.,  34,  126  (1942). 
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the  assumption  that  the  vapor  velocities  in  the  upper  sections  of  the  un¬ 
heated  vacuum-jacketed  column  were  less  than  calculated  from  the  through¬ 
put  at  the  base.  This  is  borne  out  by  the  fact  that  Rose  was  unable  to  ob¬ 
tain  reflux  m  the  unheated  column  at  very  low  throughputs.  A  comparison 
of  the  results  obtained  in  the  0.3-  and  0.6-cm.  columns  does  not  indicate  a 
greater  efficiency  for  the  smaller  column  as  predicted  by  the  theory.  Here 


Fig.  1.  H.E.T.P.  values  of  an  empty-tube  column.5  Experi¬ 
mental  vs.  theoretical. 

again  the  explanation  probably  lies  in  the  insulation.  In  this  regard  Rose 
says:1 

"Operation  of  columns  becomes  more  and  more  difficult  as  the  rate  of  boiling  be¬ 
comes  very  low  because  the  slightest  variation  in  the  insulation  of  the  column  or  heat 
input  to  the  pot  destroys  the  equilibrium  in  the  column.  For  successful  operation 
at  very  low  rates  of  boiling  the  columns  should  be  insulated  almost  as  well  as  a 
calorimeter.  Under  such  conditions  efficiencies  as  high  as  30  plates  per  foot  seem 
possible.” 

Kuhn  and  Ryffel6  investigated  the  rectification  efficiency  of  11-  and 
100-cm.  open-tube  columns  1.0  cm.  in  diameter.  The  columns  were  vac¬ 
uum  jacketed  and  of  similar  design  to  that  used  by  Rose.  1  o  further  mini¬ 
mize  heat  losses  the  columns  were  operated  at  GO  mm.  of  mercury.  At  this 
pressure  the  carbon  tetrachloride— benzene  test  mixture  boiled  at  about 
15°C.  The  experimental  and  calculated  H.E.T.P.  values  given  in  Table 
II  show  good  agreement. 

6  Kuhn,  W.,  and  Ryffeb  Helv.  Chitn.  Acta,  26,  1693  (1943). 
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TABLE  II 

Empty-Tube  Column  (1.0-Cm.  Diameter)  Rectification  Efficiency 

at  Total  Reflux 

Column  length 


11  cm.  100  cm. 


Vapor 

velocity, 

cm./sec. 

H.E.T.P.,  cm. 

Vapor 

velocity, 

cm./sec. 

H.E.T.P.,  cm. 

Obs. 

Theor.° 

Obs. 

Theor.° 

4.3 

1.1 

0.95 

101 

20 

22 

2.5 

0.92 

0.56 

31 

7.1 

6.9 

— 

— 

— 

24 

5.9 

5.3 

°  Calculated  from  VVesthaver’s  equation  using  Dv  =  0.26  cm.2/sec. 

Unfortunately,  experiments  on  empty-tube  columns  have  not  included 
studies  of  the  pressure  drop  and  holdup.  However,  theoretical  equations 
are  available  which  enable  both  these  factors  to  be  estimated  with  good  ac¬ 
curacy.  To  calculate  the  pressure  drop  for  an  empty-tube  column,  West- 
haver5  developed  the  equation : 


A  p 


+  1.2  X  10- f]  l 


(1) 


where  A p  is  the  total  pressure  drop,  p  is  the  average  column  pressure 
(dynes/cm.2),  Vv  is  the  vapor  coefficient  of  viscosity,  Va  is  the  radially  aver¬ 
aged  vapor  velocity,  M  is  the  average  molecular  weight  of  vapor  in  the 

tube,  T  is  the  average  column  temperature  (°K.),  and  l  is  H.E.T  P  in 
centimeters. 


The  holdup  can  be  calculated  from  the 
the  thickness  of  the  liquid  film  :6-7 


equation 


relating  throughput  to 


w  =  mm/ Pig  J 


of  th'Zid  „  is  hH  ftheffilr  ?  iS  the  thr0Ughput’  " is  ^  viscosity 
g  a^^  Fo;  a  tut%  Sl  y.r  '‘qUid’  and  9  is  the  federation  due  to 
J”  :l  tub.e  3  " '  ’"diameter,  holdup  values  calculated  by  equa- 

be  in  good  — with  h°id"p 

ho!!™:  is® 

0.6  cm.  in  diameter  The  mi  1  *■  080  S  c  a^a  ^or  the  column 

carbon  tetracMoride test 

•  Wimngham,  Sodlak,  Weaver, fnd  39,  706  (1947). 
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TABLE  III 


Empty-Tube  Column  (0.6-Cm.  Diameter)  Pressure  Drop,  Holdup, 

and  Efficiency  Factor 


Throughput 

liquid, 

ml./min. 

H.E.T.P., 

cm. 

Pressure 
drop,  mm. 
Hg/plate 

Liquid 
holdup, 
ml. /plate 

Efficiency 

factor, 

plates/hr. 

8.0 

60.6 

1.9 

1.05 

460 

6.2 

60.6 

1.8 

0.96 

390 

5.0 

30.3 

0.94 

0.45 

670 

2.5 

30.3 

0.92 

0.36 

420 

1.9 

15.1 

0.46 

0.16 

710 

0.9 

15.1 

0.46 

0.13 

430 

0.8 

7 . 6 

0.23 

0.061 

790 

0.45 

5.05 

0.15 

0.031 

880 

0.22 

2.33 

0.069 

0.012 

1090 

0.17 

1.73 

0.052 

0 . 0083° 

1230 

“  At  a  low  but  unmeasured  throughput,  Podbielniak  (Table  VI)  found  the  holdup  of 
a  101.6-cm.  long,  0.64-cm.  diameter  empty  tube  to  be  0.374  ml.,  which  compares  to  a 
holdup  of  0.0064  ml.  for  a  tube  1.73  cm.  long.  This  agreement  is  close  enough  to  indi¬ 
cate  that  the  calculated  values  in  this  table  are  fairly  accurate. 


rjv  and  4.4  X  10~3  for  r\t. 
defined  by  the  relation: 


Table  III  also  includes  the  “efficiency  factor’ 


efficiency  factor  = 


throughput  (liquid  ml. /hr.) 


holdup  (ml. /theoretical  plate) 

In  reciprocal  form,  this  factor  was  first  used  by  Bragg.9  Podbielniak10 
introduced  its  use  in  the  present  form.  Since  it  is  a  measure  of  the  number 
of  theoretical  plates  through  which  the  material  passes  per  unit  time,  the 
efficiency  factor  is  a  valuable  aid  for  evaluating  and  comparing  columns. 

The  data  presented  in  Table  III  show  that  empty-tube  rectifying  sec¬ 
tions  combine  high  fractionation  efficiency  with  low  holdup  and  low  pres¬ 
sure  drop,  provided  the  throughput  is  kept  extremely  low.  Design  theory 
is  available  so  that  empty-tube  columns  can  be  built  to  meet  specific  frac¬ 
tionation  problems.  The  construction  is  very  simple  requiring  only  a 
straight,  smooth,  empty  tube  mounted  absolutely  vertically  so  as  to  obtain 

““chiSybecTuse  of  their  low  throughputs,  empty-tube  rectifying  sections 
require  the  finest  type  of  insulation,  such  as  an  extremely 
jacket  combined  with  an  auxiliary  compensating  heater.  In 
columns  of  this  type  are  unduly  sensitive  to  very  shght  ^nges  m  the  stall 
not  heat  input,  and  consequently  are  difficult  to  operate.  Best  .  P 
operation  is  obtained  with  a  bare-wire  immersion  heater  and  vacuum  ma 

.  Brace,  Tram.  Am.  Iml.  Chem.  Engrs.,  37,  19  (!*«)• 

..  Podbielniak,  Ini.  Eng.  Chem.,  Anal.  Ed.,  13,  039  (1941). 
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insulation.  Owing  to  their  operating  difficulties  empty-tube  columns  are 
not  recommended  for  general  use. 

Spiral  Columns.  In  the  wire-coil  packed  and  distorted-wall  columns, 
the  reflux  path  is  lengthened  but  the  vapor  path  is  essentially  the  same 
as  it  would  be  in  an  empty-tube  column  of  equivalent  length.  In  spiral- 


t  HOLES  5  MM.  DIAM. 
2  HOLES  4  MM.  DIAM. 


LIQUID  OUTLET 2^5  MM.  I  D. 


Fig.  2.  Spiral-type  column.16 

type  c°'umns  (Fig.  2),  made  by  winding  tubing  in  the  shape  of  an  elon- 

thanVhevw  ^P°r  hqUid  paths  are  ec*ual  bu‘  considerably  longer 
y  won  be  in  an  empty-tube  column  of  the  same  height  This 

type  of  column  was  first  described  by  Warren”  in  1864,  and  in  various  mod 
hcations  is  still  very  popular.  ous  moai~ 

11  Warren,  C.  M.,  Mem.  Am.  Acad  N  S  o  191  noAdi  4 

jn.  8.  9,  121  (1864);  Ann.,  4  (Suppl.),  51  (1865). 
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Despite  the  number  of  descriptions  of  spiral  columns  in  the  literature,12-16 
very  few  data  are  available  to  allow  an  accurate  appraisal  of  their  rectifica¬ 
tion  characteristics  for  comparison  with  other  column  types.  The  apparent 
advantage  of  the  spiral  tube  compared  with  the  straight  tube  is  the  great 
saving  in  length  which  simplifies  the  construction  and  insulation  problems. 
As  disadvantages,  it  would  appear  that  the  spiraling  should  retard  the  flow 
of  reflux  and  thus  increase  the  holdup  and  decrease  the  maximum  through¬ 
put. 

Young17  states  that  the  spiral  columns  have  lower  holdup  than  straight 
empty-tube  columns;  however,  other  data  indicate  the  opposite12;  a  4- 
m.  long,  0.5-cm.  I.D.  tube,  coiled  to  give  a  length  of  101.6  cm.,  had  a  holdup 
of  2.51  ml.  at  low  throughput.  The  maximum  throughput  was  7.02  ml. 
per  minute.  Although  0.5-cm.  I.D.  empty  tubes  were  not  investigated, 
data  for  0.38-  and  0.64-cm.  I.D.  empty  tubes  indicated  holdups  of  0.57 
and  1.5  ml.  and  maximum  throughputs  of  7.01  and  24.0  ml.  per  minute, 
respectively,  for  4-m.  lengths. 

Shepherd16  used  3-m.  lengths  of  0.5-  to  0.6-cm.  I.D.  tubing  to  make  a 
spiral  40  cm.  long.  The  spiral  was  encased  in  a  vacuum  jacket.  At  an 
undisclosed  throughput  this  column  measured  30  theoretical  plates.  The 
inside  of  the  spiral  was  coated  with  40-mesh  carborundum  fused  to  the 
glass.  This  roughening  of  the  surface  undoubtedly  increases  the  rectifica¬ 
tion  efficiency.  The  spiral  column  has  a  low  throughput  and  requires  very 
efficient  insulation  for  satisfactory  operation.  Modern  construction  favors 
vacuum  jackets.15-16  In  winding  the  spiral,  care  must  be  exercised  to  ob¬ 
tain  a  uniform  pitch. 

An  obvious  construction  modification  of  the  spiral  column  consists  in 
creating  a  spiral  passageway  in  the  annulus  formed  by  two  concentric 
tubes  This  method  of  construction  is  used  in  the  well-known  Widmer  and 
spiral-screen  columns  shown  in  Figures  3  and  4.  Coiling  a  metal  wire 
around  the  inner  tube  is  the  easiest  method  for  making  this  modified  spiral 
column  18-22  Todd22  wound  a  90-cm.  long,  0.15-cm.  diameter  Monel  wire 
center  core  with  6  turns  per  inch  of  0.15-cm.  diameter  Monel  wire  and  in- 


12  Podbielniak,  Ind.  Eng.  Chem.,  Anal.  Ed.,  5,  119  (1933). 

13  Berlemont,  J.  Soc.  Chem.  Ind.  London,  14,  821  (1895 

14  Brown,  F.  D.,  J.  Chem.  Soc.,  37,  59  (1880);  39,  517  (1881). 
i3  Doris,  Ind.  Eng.  Chem.,  Anal.  Ed.,  1,  61  (1929). 

is  Shepherd,  J.  Research  Nall.  Bur.  Standards,  26,  22,  (1941h 
ii  Young  S.,  Distillation.  Principles  and  Processes.  London,  1922,  p.  131. 
is  McMillan,  J.  Inst.  Petroleum  Technol.,  22,  616  (1936). 
i®  Foucar,  Brit.  Pat.  19,999  (1908). 

20  Dufton,  J.  Soc.  Chem.  Ind.  London,  38,  45T  (19  19). 

21  Booth  and  Bozarth,  Ind.  Eng.  Chem.,  29, ^  ^ 

22  Todd,  Ind.  Eng.  Chem.,  Anal.  Ed.,  17,  D  5  (1945). 
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serted  the  assembly  in  a  0.5-cm.  diameter  glass  tube.  This  Iractionating 
section  had  a  maximum  throughput  of  3.3  ml.  per  minute.  Operating  at 
a  throughput  of  1.65  ml.  per  minute,  the  fractionating  section  had  an 
H.E.T.P.  of  1.8  cm.,  a  holdup  of  0.4  ml.  per  theoretical  plate,  and  an  ef- 


Fig.  3.  Widmer  column. 


Fig.  4.  Spiral-screen  column. 


ficiency  factor  of  2475  plates  per  hour.  Widmer”  substituted  a  small- 
diameter  glass  rod  for  the  metal  wire.  Stranded  wires  have  also  been  used 

?'  W  HSPlra  '  Complete  d,rect'ons  for  fabricating  the  glass  spiral  for 
the  V\  aimer  column  are  given  by  Fahlandt.”  Midgley”  improved  the 

construct, on  by  wrapping  a  metal  wire  with  a  square  strip  of  metal  and 
silver-soldering  the,  spiral  to  the  wire  to  eliminate  the  interstices  aid  to 

-s  Widmer,  Helv.  Chim.  Acta,  7,  59  (1924). 

»  P.°tl‘h  a"d  McMabrey, 1"*.  Eng.  Chen.,  Anal.  Ed.,  16,  131  (1944) 
rahlandt,  Chem.  Analyst,  25,  28  (1936).  ^ 

26  Midgley,  Ind.  Eng.  Chem.,  Anal.  Ed.,  1,  86  (1929). 
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reduce  the  holdup.  A  refinement  of  Midgley’s  method  is  to  cut  a  thread 
in  a  metal  rod. 

A  column  described  recently  was  made  by  cutting  a  rectangular  thread, 
5  turns  per  inch,  in  a  2.5-cm.  diameter  stainless  steel  rod.  The  cut-out  por¬ 
tion  of  the  thread  was  n/32  in.  deep  and  8/32  in.  wide.  The  thread  was 
ground  to  fit  closely  the  inner  tube  of  a  vacuum  jacket.27  The  rectifica¬ 
tion  characteristics  of  this  column,  as  determined  in  a  320-cm.  long  sec- 


TABLE  IV 

Rectification  Characteristics  of  Smooth-Spiral  Column0 


Throughput 
liquid, 
ml. /min. 

H.E.T.P., 

cm.b 

Pressure  drop, 
mm.  Hg  per 
theoretical 
plate 

Holdup,® 
ml. /plate 

Efficiency 

factor, 

plates/hr. 

1.42 

2.64 

0  012 

0.33 

260 

1.83 

2.77 

0.017 

0.35 

320 

3.1 

2.95 

0.029 

0.37 

500 

3.8 

3.12 

0.039 

0.39 

590 

5.3 

3.35 

0.063 

0.42 

755 

7.0 

3.32 

0.092 

0.42 

1000 

7.9 

3.35 

0.11 

0.42 

1160 

8.6 

3.40 

0.12 

0.43 

1220 

9.2 

3.58 

0.14 

0.45 

1230 

10.0 

3.88 

0.17 

0.49 

1230 

®  2.5-cm.  diameter  tube  fitted 

writh  a  5-turns-per-inch  spiral,  11 /a 

in.  deep  and  V32 

in  b  Determined  with  n-heptane-methylcyclohexane  test  mixture. 

c  At  medium  throughput  the  holdup  was  determined  to  be  35-40  ml.  Holdup  per 
plate  was  calculated  on  assumption  that  total  holdup  was  constant  at  40  ml. 


tion,  are  given  in  Table  IV  and  plotted  in  Figure  5.  Inspection  of  Figure 
5  shows  that  the  rectification  efficiency  is  constant  over  a  considerable 
range  of  throughputs.  This  characteristic  is  a  very  desirable  one  since  it 
leads  to  stable  column  operation  and  smooth,  easily  interpreted  distillation 
curves.  An  actual  distillation  curve  obtained  with  this  column  is  given 

m  Increasing  the  pitch  and  enlarging  the  cross-sectional  area  of  the  spiral 
opening  reduces  the  pressure  drop  and  makes  the  column  suitable  for  oper¬ 
ation  at  very  low  pressures.  Williams’8  carried  out  fractionations  at  head 
pressures  as  low  as  1  mm.  of  mercury  in  a  120-cm.  long  4-cm.  d.ame  er 
tube  fitted  with  a  2-turns-per-inch  aluminum  spiral  with  an  opening  1. 
cmb  deep  and  1.05  cm.  wide.  The  rectification  efficiency  ol  the  spiral  col¬ 
umn  is  increased  by  coating  the  surface  of  the  spiral  passagew ay  w  l 

.  Smith,  Glasebrook,  Begeman,  and  Lovell  M.  Em.  Cken,.  Anal.  E,l  17, 47  (1945). 

28  Williams,  Ind.  Eng.  Chem.,  39,  779  (194/ ). 
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mesh  carborundum.26  This  modification  also  would  be  expected  to  in¬ 
crease  the  holdup. 

Lecky  and  Ewell29  used  a  metal-gauze  spiral  and  obtained  increased  ef- 


20  40  60  80  100  120  (40  160  180 

PRESSURE  DROP,  mm.  dibutyl  phthalate 

_ i _ i _ i - 1 - 1 - 1 — 

100  200  300  400  500  600 

APPROXIMATE  THROUGHPUT,  cc./hr. 

Fig.  5.  Performance  of  a  smooth-spiral  column.27  n-Heptane-methylcyclohexane 
test  mixture.  (•)  Theoretical  plates.  (O)  H.E.T.P. 
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Lecky  and  Ewell,  Ind.  Eng.  Chem.,  Anal.  Ed.,  12,  544  (1940). 
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ficiencies  due  to  the  roughened  surface.  They  also  introduced  the  further 
refinement  of  cupping  the  spiral  so  that  the  edges  were  turned  up  at  an 
angle  of  about  45°.  By  making  the  diameter  of  the  spiral  slightly  larger 
than  that  of  the  tube,  this  construction  ensured  a  close  fit  when  the  spiral 
was  inserted  in  the  tube.  In  addition,  the  cupping  caused  the  reflux  to 
run  down  and  over  the  gauze  at  the  points  of  contact  with  the  retaining 

TABLE  V“ 


Rectification  Characteristics  of  Spiral-Screen  Packings 


Throughput 

Liquid 

Efficiency 

liquid, 

H.E.T.P. 

holdup, 

factor, 

ml. /min. 

cm.f> 

ml. /plate 

plates/hr. 

Cupped  spiral  17  in.  long,  outside  diameter  0.75  in.,  root  diameter  0.25  in.,  67  turns  per 

foot * 


0.25 

1.45 

0.23 

65 

0.83 

1.62 

0.24 

208 

1.67 

1.68 

0.26 

385 

3.33 

1.72 

0.30 

667 

5.00 

1.72 

0.35 

860 

6.67 

1.73 

0.42 

950 

8.33 

1.77 

0  52 

960 

10.00 

1.88 

0.68 

880 

11.67 

2.10 

1.0 

700 

12.5 

2.29 

1.44 

520 

Cupped  spiral  17  in.  long,  outside  diameter  0.5  in.,  root  diameter  0.125  in.,  67  turns  per 

foot* 


0.42 

1.71 

0.14 

180 

1.67 

1.71 

0.16 

625 

3.33 

1.71 

0.18 

1110 

5 . 00 

1.74 

0.26 

1150 

5.83 

1  .78 

0.34 

1030 

6.67 

1.86 

0.50 

800 

_ — 

°  Data  taken  from  the  graphs  of  Lecky  and  Ewell. - 
b  Determined  with  n- heptane— methylcyclohexane  test  mixture. 
*  Pressure  drop  approximately  1  mm.  of  mercury  per  foot. 


tube  rather  than  through  it.  The  rectification  characteristics  of  two  sizes 
of  spiral-screen  packing  are  given  in  Table  V  and  presented  graphically  in 
Figure  7.  The  spiral-screen  column  resembles  the  smooth-spiral  column 
(Fig.  5)  in  that  the  H.E.T.P.  remains  constant  over  a  considerable  range  oi 
throughputs,  a  condition  conducive  to  smooth  operation  However,  the 
gauze  spiral  is  considerably  more  effective  than  the  smooth  spiral.  In  e 
portion  of  the  curves  where  the  efficiencies  are  constant  the  gauze  spira 
has  one  theoretical  plate  for  every  33/4  turns,  whereas  the  smooth  spira 
requires  61  /,  turns  per  theoretical  plate.  The  efficiency  of  the  gauze  spiral 
was  reduced  when  the  holes  were  filled  with  collodion.-  The  data  showed 
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that  the  throughput  and  H.E.T.P.  are  proportional  to  the  spacing  between 
the  turns,  but  that  the  number  of  turns  per  theoretical  plate  and  the  holdup 
per  theoretical  plate  are  independent  of  the  spacing  between  turns.  In 


(a)  0.75  in.  diameter  packing 
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Fig.  7.  Performance  of  screen-spiral  packing:*  (O)  efficiencies  for  17-in.  lone 
.section;  (X)  efficiencies  for  two  17-in.  long  sections  in  series;  (•)  holduD  dat-i 
determined  for  17-in.  long  section.  ^ 

contrast  to  many  types  of  packed  columns,  the  H.E.T.P.  did  not  increase 
when  the  column  was  lengthened. 

The  Lecky-Ewell  columns  were  made  with  00-  by  60-  or  80-  by  80-mesh 
nickel  gauze.  For  larger-diameter  spiral-screen  columns  (3.7  cm  )  '*" 
o0-mesh  gauze  gave  better  results.30  '  ’  '  • 

"  S‘a"CUP'  Fuguitt’  and  Hawkins'  Ini.  Eng.  Chem.,  Anal.  Ed.,  14,  503  (1942). 
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The  construction  of  the  gauze  spiral  column  is  more  difficult  than  other 


types  of  spiral  columns. 


Spacing  from 
inner  wall 
Wire  coil 

Fractionating 

tube 


Fig.  8.  Single  wire-coil 
rectifying  section. 


Dies  were  used  to  stamp  split  cupped  washers 
from  the  gauze.  These  were  then  spot-welded 
together  to  form  a  long  continuous  spiral.  A 
glass  or  metal  rod  was  used  to  fill  the  center  hole 
and  provide  support.  In  order  to  insert  the 
fragile  spiral  into  the  outer  tube,  a  solid  spiral 
was  screwed  into  the  gauze  spiral,  the  entire  as¬ 
sembly  inserted  in  the  tube,  and  the  solid  spiral 
removed  by  unscrewing. 

Wire-Coil  Packed  Columns.  The  empty-tube 


TABLE  VI32 

Comparison  of  Holdup  and  Maximum  Throughputs  of  Empty-Tube  Columns  and 

Wire-Coil  Packed  Columns 


Tube 

diam., 

cm. 

(iuside)  Packing 


0.26 

0.26 

0.3 

0.3 

0.38 

0.38 

0.38 


0.64 

0.64 

0.64 


0.78 

0.78 

0.78 


Empty 

Single-wire  coil  No.  26  B  &  S 
7.9  turns/in. 

Empty 

Single-wire  coil  No.  26  B  &  S 
5.2  turns/in. 

Empty 

Single-wire  coil  No.  20  B  &  S 
7  turns /in. 

Double-wire  coil  No.  20  B  &  S 
outer  coil  7  turns/in. 
inner  coil  4  turns/in. 

Empty 

Single-wire  coil  No.  18  B  &  S 

5.5  turns/in. 

Double-wire  coil  No.  18  B  &  S 
outer  coil  5.5  turns/in. 
inner  coil  4.5  turns/in. 

Empty 

Single-wire  coil  No.  18  B  &  S 

4.5  turns/in. 

Double-wire  coil  No.  18  B  &  S 
outer  coil  4.5  turns/in. 
inner  coil  3.5  turns/in. 


Liquid 
holdup,® 
ml.  per 
101.6-cm. 
length 

Maximum 
throughput 
liquid, 
ml. /min. 

0.113 

0 

0.19 

2.75 

0.094 

3.5 

0.122 

4.0 

0.145 

7.01 

0.605 

4.36 

0.695 

3.14 

0.374 

24.0 

1.27 

14.75 

1.60 

10.8 

0.518 

36.3 

1.68 

26.5 

2.14 

21.2 

a  Determined  at  a  low  but  unmeasured  throughput. 
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column  has  been  modified  by  inserting  a  continuous  spiral  coil  of  wire.3*  38 
The  coil  fits  the  tube  snugly,  has  a  pitch  of  5  to  8  turns  per  inch,  and  is 
made  from  wire  with  a  diameter  much  smaller  than  that  of  the  tube  (Fig.  8). 
Columns  using  wire-coil  rectifying  sections  have  been  used  widely  for 
low-temperature  fractionations. 

Aside  from  the  effect  of  the  reduction  in  cross-sectional  area,  the  wire 
coil  offers  but  little  resistance  to  the  flow  of  the  vapor,  and  the  vapor  flow 

TABLE  VII 


Rectification  Characteristics  of  Single  Wire-Coil  Packed  Columns 


Throughput 
liquid, 
ml. /min. 

H.E.T.P., 

cm. 

Liquid 
holdup, 
ml. /plate 

Pressure 

drop, 

mm.  Hg  per 
theoretical 
plate 

Efficiency 

factor, 

plates/hr. 

0.3-cm.  I.D.  tube, 

wire  coil  11  turns/in.  No.  26  wire 

31 

0.60 

3.6 

— 

— 

— 

0.70 

5.1 

— 

— 

— ■ 

1.00 

6.1 

— 

— 

— 

1.60 

5.1 

— 

— 

— 

2.00 

5.1 

— 

— 

— 

2.00 

3.8 

— 

— 

— 

0.4-cm.  I.D.  tube,  wire  coil  6-7  turns/in.  No.  20  wire 

,33 

0.80 

10.7 

0.17 

0.02 

280 

1.6 

10.0 

0.19 

0.05 

510 

2.7 

9.4 

0.29 

0.10 

560 

0.6-cm.  I.D.  tube, 

wire  coil  11  turns/in.  No.  26  wire1 

31 

1 

4.7 

— 

5 

7.6 

— 

— 

— 

is  very  similar  to  that  in  an  empty-tube  column.  The  reflux,  however, 
bridges  the  interstices  between  the  wire  coil  and  the  tube  with  capillary 
films,  which  greatly  increases  the  liquid  surface  exposed  to  the  ascending 
vapor.  Compared  with  the  corresponding  empty-tube  column,  the  added 
m  surface  caused  by  the  presence  of  the  wire  coil  increases  the  holdup 
(  able  V  I),  and  at  high  throughputs  appears  to  increase  the  fractionation 


31  Rose,  A.,  Ind.  Eng.  Chem.,  28,  1210  (1936). 

32  Podbielniak,  Ind.  Eng.  Chem.,  Anal.  Ed.,  5,  119  (1933). 

33  Whitmore  et  al,  J.  A?n.  Chem.  Soc.,  62,  795  (1940) 

(1935)“'’  SChiCktanZ’  a"d  R°Se'  R  W"  *  Reuarch  Na,L  B“r-  >5.  557 

36  Oberfell,  Oil  Gas  J.,  27,  142  (1928). 

r  Ind‘  Eng ■  Chem>  Ana/.  Ed.,  3,  177  (1931). 

odbielmak,  ^ Eng.  Chem.,  Anal.  Ed.  5  135  179  mqqq,> 

38  McMillan,  J.  Inst.  Petroleum  Technol.,  22,  616  (1936). 
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efficiency.  As  shown  in  Table  VI,  in  the  case  of  small-diameter  tubes,  the 
wire  coil  retards  the  tendency  of  the  reflux  to  bridge  the  tube  and  flood; 
the  coil  promotes  draining  and  increases  the  maximum  throughput.  In 


Fig.  9.  Comparison  of  performance  of  empty-tube  and  single  wire-coil 
packed  columns:  (O)  0.6-cm.  tube  with  single  wire-coil  packing;  (□)  0.6-cm. 
empty  tube;  (A)  0.3-cm.  tube  with  single  wire-coil  packing;  (X)  0.3-cm.  empty 

tube. 

the  larger-diameter  tubes,  the  maximum  throughput  of  the  tube  is  greater 
when  the  wire  coils  are  absent. 

The  available  data  on  the  fractionating  characteristics  ol  wire-coil 
packed  columns  are  given  in  Table  VII,  and  in  Figure  9  a  portion  of  the 
data  are  compared  with  corresponding  data  for  empty-tube  columns 

( ^Figure  9  shows  that  at  low  throughputs  the  rectification  efficiency  of  wire- 


II.  ORDINARY  FRACTIONAL  DISTILLATION 


193 


coil  packed  columns  is  approximately  the  same  or  slightly  less  than  empty- 
tube  columns.  At  high  throughputs  where  the  rectification  efficiency  of 
open-tube  columns  is  very  low,  the  added  film  surface  caused  by  the  wire 
spiral  results  in  improved  vapor-liquid  contacting  compared  with  the 
empty  tube;  consequently,  the  H.E.T.P.  values  for  wire-coil  packed 
columns  do  not  vary  with  throughput  to  as  great  an  extent  as  open-tube 
columns,  and  throughput  control  is  less  critical.  Due  chiefly  to  the  holdup, 
the  efficiency  factor  for  wire-coil  packed  columns  is  not  so  high  as  for  empty- 
tube  columns.  Podbielniak32  has  investigated  double-wire  coils.  The 
high  holdup  of  this  packing  (Table  VI)  makes  it  unattractive.  The  general 
construction  and  operation  of  a  wire-coil  packed  column  is  similar  to  that- 
of  an  empty-tube  column.  The  wire  coil  is  made  by  expanding  a  close- 
wound  coil  made  on  a  mandrel. 

Distorted-Wall  Columns.  Many  of  the  earlier  investigators  of  recti¬ 
fication  columns  sought  to  improve  the  separation  efficiency  by  distorting 
the  wall  of  an  empty-tube  column.  Such  modifications  increase  the 
liquid  film  surface  in  much  the  same  manner  as  discussed  under  wire-coil 
packed  columns.  Compared  with  the  empty-tube  column,  the  distorted- 
wall  columns  may  have  advantages  at  high  throughputs  or  in  cases  in 
which  the  column  insulation  is  poor.  Unfortunately,  analytical  infor¬ 
mation  on  the  rectification  characteristics  of  this  class  of  columns  is  meager, 
but  in  general  it  is  believed  distorted-wall  columns  are  inferior  to  other 


types  of  wetted-surface  columns,  and  any  advantages  they  may  have  can 
be  secured  more  easily  by  other  means. 

The  most  popular  column  of  the  distorted-wall  variety  is  the  Vigreux 
column.39  This  column  is  made  by  heating  a  spot  on  a  glass  tube  and  then 
indenting  toward  the  tube  axis  with  a  sharp-pointed  instrument  such  as  a 
file  or  wire.  The  tube  is  then  rotated  180°  and  a  similar  indentation  made. 
The  indentations  usually  are  made  so  that  they  will  have  a  slight  downward 
slope  when  the  tube  is  vertical.  The  clearance  between  the  tips  is  usually 
equivalent  to  about  one-fourth  to  one-third  of  the  tube  diameter.  The 
flame  is  then  moved  up  the  tube  a  few  centimeters  and  two  more  indenta¬ 
tions  are  made  at  right  angles  to  the  first  two.  The  operation  is  repeated 
until  the  entire  length  of  the  rectifying  section  has  been  indented 

Several  vacuum-jacketed  Vigreux  columns  have  been  described  which 
gn  e  good  separation  for  materials  with  a  10°C.  difference  in  boiling  point 

an  H  E  T  P  ofTT^  '’'V"''  O1'1'eSS•,0",2  Fenske  and  “-workers-  report 
an  H.E.T.P.  of  13.r  cm.  for  a  column  1.1  cm.  in  diameter 


39  Vigreux,  Bull.  soc.  chim.  France ,  31,  1116  (1904). 

« et  c,hem" Anai- Ed,n' m  (,939)- 

42  r  4 on’*?*'Eng-  Chem->  Anal.  Ed.,  5,  179  (1933). 

Vooper,  C.  M.,  and  Fasce,  Ind.  Enq.  Chem.,  20,  420  (1928). 
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lhe  reader  is  referred  to  Young44  for  descriptions  of  other  types  of  dis¬ 
torted-wall  columns.  Hill  and  Ferris45  have  compared  the  rectification 
performance  of  some  of  these  columns  under  take-off  conditions. 

Concentric-Tube  Columns.  In  concentric-tube  rectifying  sections, 
vapor-liquid  contacting  takes  place  in  the  annular  space  formed  by  two 
concentric  tubes.  The  formula  developed  for  predicting  the  ideal  per¬ 
formance  of  parallel-plate  columns46-47  is  applicable  to  the  concentric-tube 
column,  and  has  been  discussed  in  Chapter  I  (Sec.  IV) .  The  formula  shows 
that  rectification  efficiency  of  concentric-tube  columns  is  improved  by  de¬ 
creasing  the  vapor  velocity,  decreasing  the  thickness  of  the  annular  space, 
or  increasing  the  diffusion  coefficient  of  the  vapor.  In  these  respects  the 
concentric-tube  column  resembles  the  empty-tube  column.  However,  in 
an  empty-tube  column  operating  at  a  given  vapor  velocity,  the  diameter 
cannot  be  changed  without  affecting  the  throughput.  In  a  concentric-tube 
column,  on  the  other  hand,  the  throughput  can  be  varied  independently  of 
the  vapor  velocity  and  the  distance  between  the  tubes  by  changing  the 
mean  circumference  of  the  annular  space.  In  other  words,  in  a  concentric- 
tube  column,  the  number  of  theoretical  plates  per  unit  length  depends  on 
the  difference  in  the  diameters  of  the  tubes  forming  the  annular  space  and 
is  independent  of  their  absolute  magnitude. 

Concentric-tube  columns  were  used  as  early  as  1909  by  Rosanoff  and 
co-workers,48  but  their  development  lagged  until  1937  when  Craig49  showed 
that  columns  of  this  construction  had  excellent  rectification  characteristics. 
Since  then  concentric-tube  columns  have  been  the  subject  of  several  ex¬ 
haustive  investigations,50-54  which  demonstrated  that  H.E.T.P.  values 
well  below  1  cm.  can  be  achieved  with  this  type  of  construction. 

The  lowest  H.E.T.P.  values  reported  for  concentric-tube  columns  were 
obtained  by  Naragon  and  Lewis.53  The  fractionating  section  was  insulated 
with  a  vacuum  mantle  and  pipe  lagging.  Construction  is  shown  in  Figure 
10.  The  results  of  the  efficiency  tests  are  shown  in  Table  VIII. 

The  pressure  drop  of  the  concentric-tube  column  described  in  Table  VII 


«  Fenske,  Tonberg  and  Quiggle,  Ind.  Eng.  Chem.,  26,  1 169  (1934). 

44  Young,  S.,  Distillation  Principles  and  Processes.  London,  1922,  pp.  130 

45  Hill,  J.  B.,  and  Ferris,  Ind.  Eng.  Chem.,  19,  3/9  (1927). 

46  Kuhn,  W.,  Helv.  Chim.  Acta,  25,  252  (1942). 

47  Westhaver,  Ind.  Eng.  Chem.,  34,  126  (1942).  . 

4«  Rosanoff,  Lamb,  A.  B.,  and  Breithut,  J.  Am.  Chem.  Soc.,  31,  448  (1909). 

«  Craig,  L.  C„  Ind.  Eng.  Chem.,  Anal.  Ed.,  9,  441  (193/  ). 

••  Selker,  Burk,  and  Lankclma,  Ind  Eng  Chem  Anal  Ed_,  12  352  (  ). 

Naragon,  Burk,  and  Lankclma,  Ind.  Eng.  Chem  34, 355< (1942). 

Hall,  S.  A.,  and  Palkin,  Ind.  Eng.  Chem  AnaLEi.,  ' 

»  Naragon  and  Lewis,  Ind.  Eng.  Chem.,  Anal.  Ed  18, 148  <  946). 

«  Donnell  and  Kennedy,  Croc.  Am.  Petroleum  Inst.,  Ill,  26,  23  (1916). 
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was  not  determined;  however,  on  the  basis  of  other  data  it  can  be  esti 
mated  that  the  pressure  drop  was  probably  less  than  0.5  mm.  mercury. 


The  observed  and  calculated  H.E.T.P. 
ment.  The  throughputs  were  measured 


values  are  in  fairly  good  agree  - 
at  the  base  of  the  column; 
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TABLE  VIII 


Rectification  Efficiency  at  Total  Reflux  of  Concentric-Tube  Column" 


Throughput 
liquid, 
ml. /min. 

H.E.T.P., 

cm. 

Efficiency 

factor, d 

plates/hr. 

Observed  f> 

Theoretical c 

1.28 

0.36 

0.46 

4300 

1.53 

0.40 

0.55 

4600 

1.78 

0.49 

0.63 

4500 

2.06 

0  58 

0.72 

4300 

“  30.5-cm.  long,  0.8-cm.  I.U.  tube,  0.64-cm.  O.D.  tube. 
b  Determined  with  n-heptane-methylcyclohexane  test  mixture. 
c  Calculated  by  the  equation:  V  =  (17/35 )(VaS2/D,.)(DvVa)  using  Dv  =  0.04  cm.2/ 
sec.  See  Chapter  I,  section  IV. 

d  Based  on  an  estimated  holdup  of  1.5  ml. 


at  throughputs  lower  than  77  ml.  per  hour  no  reflux  was  observed  at  the 
top  of  the  column.  Hence  the  average  throughput  was  probably  less  than 
that  observed.  This  fact  may  explain  why  the  observed  H.E.T.P.  values 
were  somewhat  less  than  those  predicted.  Nevertheless  the  agreement  be¬ 
tween  the  calculated  and  observed  H.E.T.P.  values  is  sufficiently  good  to 
justify  the  use  of  equation  (5)  in  design  work. 

The  results  of  other  investigations  of  concentric-tube  columns  (two-tube 
type)  are  summarized  in  Table  IX. 


TABLE  IX 


Comparison  of  Concentric-Tube  Columns 


Outside 

diam. 

of 

inner 
tube,  cm. 

Annular, 

space 

thickness, 

cm. 

Column 

length, 

cm. 

Through¬ 

put, 

ml. /min. 

Liquid 
holdup, 
ml. /plate 

H.E.T.P., 

cm. 

Ref. 

0.65 

0.075 

30.5 

1 . 20-2 . 06 

0.018-0.028 

0.36-0.58 

53 

0.3 

0.1 

31.5 

— 

— 

0.5 

51 

1.255 

0  075 

100 

0.67-1.67 

0.022-0.031 

0.7-09 

54 

0  4 

0  15 

10 

— 

0.015 

1.3 

49 

1.0 

0.15 

238 

1.25-5.0 

0. 1-0.4 

2.2-56 

52 

Figure  11  shows  the  results  obtained  in  the  fractionation  of  a  known  mix- 
ture  (boiling-point  spread  2.3°C.)  in  a  concentric-tube  column.  The  sepa¬ 
ration  is  excellent,  and  the  consistency  of  the  data  points  shows  that  the 
column  gives  smooth,  stable  operation.  However  the  dist.  lat. on  curve 
represents  90  hours  of  still  operation  during  which  time  only  9.8  • 

overhead  product  was  obtained.  #  .  f 

The  construction  of  a  concentric-tube  fractionating  section  of  lug  - 
fieiencv  is  somewhat  difficult  and  requires  more  precision  work  than  ma  n 
other  types  of  columns.  To  meet  the  requirement  of  a  uniform  annulai 
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clearance,  the  tubes  used  in  the  construction  must  be  straight  and  per 
fectly  round,  and  they  must  be  assembled  concentrically  and  held  in  that 
position.  In  order  to  have  a  thin  even  flow  of  reflux  over  the  tubes,  the 
surfaces  must  be  smooth  and  uniform,  and  the  rectifying  section  mounting 
must  not  deviate  from  the  vertical.  In  addition,  concentric-tube  columns 
require  a  reflux  distributor  to  maintain  even  distribution  of  the  reflux  over 
both  tube  surfaces. 

Most  designers  of  concentric-tube  columns  agree  that  precision-bore 
tubing  is  more  satisfactory  for  the  outer  tube.  Ordinary  tubing,  care¬ 
fully  selected  for  straightness,  roundness,  and  uniform  diameter,  is  gen¬ 
erally  acceptable  for  the  inner  tube.  Precision-bore  tubing  is  not  always 


Fig.  11.  Concentric-tube  fractionating  column  distillation  of  known  mixture.53 


straight,  and  this  feature  must  be  checked.  Also,  precision-bore  tubino- 
is  not  ordinarily  available  in  lengths  of  more  than  3  ft.,  which  auto¬ 
matically  limits  the  length  of  the  rectifying  section.  To  compensate  for 
bowing  of  the  outer  tube,  Hall  and  Palkin“  use  a  series  of  short  interlocked 
ubes  for  the  center  tube.  In  addition,  these  investigators  wind  the  center 
tube  with  a  fine  glass  thread  to  obtain  uniform  reflux  distribution  Both 
these  devices  appear  to  increase  the  holdup  (see  Table  V).  With' the  ev 

Spacing  lugs,  located  above  and  below  the  rectifvinj?  sort;™  , 

separate  the  inner  and  outer  tubes.  The  length  of  the  lugs  must  be  c'Le- 
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tully  controlled,  usually  by  grinding.  Naragon  and  Lewis53  use  a  metal- 
spiral  spacer  in  the  annular  space  ol  the  rectifying  section  for  preliminary 
spacing  of  the  tubes.  The  tubes  are  then  fused  together  through  glass 
spacers  above  and  below  the  rectifying  section,  and  the  metal  spiral  is  dis¬ 
solved  in  acid.  (Detailed  directions  for  the  construction  of  concentric- 
tube  columns  are  given  by  Naragon  and  Lewis.53) 

Kuhn46  solves  the  difficult  problem  of  reflux  distribution  by  forming  re¬ 
flux  on  both  tube  surfaces.  This  is  accomplished  by  extending  both  tubes 
into  a  jacketed  space  through  which  the  condenser  liquid  flows.  The  in¬ 
ner  and  outer  tubes  are  joined  by  a  Dewar  seal.  Naragon  and  Lewis5* 
direct  all  the  reflux  liquid  to  the  top  of  a  sphere.  Troughs  attached  to  the 
sphere  at  the  circumference  direct  the  reflux  to  the  tube  surfaces.  Since 
the  distribution  of  reflux  will  be  uniform  around  the  circumference,  the 
width  of  the  trough  automatically  determines  the  amount  of  reflux  going 
to  each  tube  surface. 


Selker,  Burk,  and  Lankelma50  constructed  a  multiple  concentric-tube 
column.  This  type  of  construction  has  a  much  greater  throughput  than 
the  two-tube  construction,  and  the  effects  of  heat  losses  are  minimized. 
Usually,  the  difficulty  of  proportioning  reflux  liquid  more  than  offsets  the 
advantages  of  this  type  of  construction.  However,  the  spherical  reflux- 
distributing  device  described  by  Naragon  and  Lewis53  may  make  it  possible 
to  construct  highly  efficient  multiple-tube  columns. 

Like  all  low-throughput  columns,  the  concentric-tube  column  requires 
very  efficient  insulation.  Most  investigators  have  used  a  vacuum  jacket 
supplemented  by  lagging  or  by  an  auxiliary  heater.  The  still  pot  should  be 
designed  to  secure  even  boiling;  heat  input  must  be  stable.  This  can  be 
secured  by  using  constant  voltage  in  the  heater  and  enclosing  the  still  pot 


in  a  vacuum  jacket. 

Owing  to  their  high  rectification  efficiency  and  relative  ease  of  operation, 
concentric-tube  columns  are  recommended  for  all  applications  requiiing 

a  film-type  column.  , 

Packed  Columns,  (a)  Dump  Packings.  In  packed  columns,  the 

rectifying  section  consists  of  a  tube  filled  with  an  inert  material  or  “  pack¬ 
ing”  in  the  form  of  small  regularly  shaped  particles,  or  irregular-shaped 
pieces  turned  or  chipped  from  larger  masses.  Packings  consisting  of  small 
individual  particles  are  called  “dump  packings,”  from  the  mode  o  in¬ 
troducing  them  into  a  column.  The  packing  may  be  an  integral  unit 

packed  at  random  in  the  column  in  the  case  of  chain  nPfHeU  Grid  packtag 
preformed  close-fitting,  rigid  structure  as  ,n  the  case  of  Heh-Gnd  packing^ 
The  downflowing  reflux  wets  the  packing  surface  to  provide i  a l rg a . 
of  liouid  film  for  contacting  the  ascending  vapor  stream  Both  packe 
a nd  wetted-su r f ac e  columns  are  film-type  columns,  and  the  vapor-hquid 


II.  ORDINARY  FRACTIONAL  DISTILLATION 


199 


processes  are  similar.  In  the  usual  wetted-surface  column,  however,  the 
laminar  flow  of  the  vapor  reduces  the  rate  of  exchange  between  vapor  and 
liquid  necessitates  very  low  vapor  rates  to  secure  good  rectification.  In 
packed  columns  the  packing  causes  frequent  splitting  of  the  vapor  stream 
and  produces  a  more  turbulent  flow.  The  turbulence  increases  the  vapor 
diffusion  coefficient  and  consequent^  permits  higher  vapor  rates  or 
throughputs. 

The  vapor  and  liquid  streams  in  packed  columns  are  not  confined  to  a 
definite  path  but  follow  a  haphazard  course  dictated  by  chance  irregularities 
in  the  packing.  Variations  in  the  size  or  density  of  the  packing  are  likely 
to  cause  loss  of  rectification  efficiency  due  to  channeling  of  the  vapors  or 
localized  flooding.  These  effects  are  more  pronounced  in  large-diameter 
columns  and  are  minimized  when  the  packing  is  of  uniform  size,  symmetri¬ 
cally  shaped,  and  the  ratio  of  column  diameter  to  the  diameter  of  the  in¬ 
dividual  packing  units  is  greater  than  8  to  1.  In  packed  columns  reflux 


collects  and  is  retained  at  the  points  of  contact  between  the  packing  units 
so  that  the  holdup  of  packed  columns  is  generally  greater  than  in  wetted- 
surface  columns. 

A  good  packing  is  one  that  can  be  packed  uniformly  and  has  the  proper 
balance  between  surface  area  and  free  space  to  ensure  efficient  vapor- 
liquid  contacting  and  high  throughputs  without  excessive  holdup  and  pres- 
suie  diop.  The  rectification  efficiency  of  most  packings  is  increased  if  the 
packing  is  thoroughly  wet  by  flooding  at  the  start  of  the  distillation.  This 
treatment  removes  all  entrapped  air  from  the  packing  interstices  and  causes 
the  reflux  to  spread  uniformly  over  the  packing  surface. 

Packed  columns  combine  good  rectification  efficiency  with  high  through¬ 
put  and  usually  the  holdup  and  pressure  drop  are  not  excessive.  These 
c  aracteristics  combined  with  ease  of  construction  and  operation  make 
packed  columns  ideal  for  general  laboratory  use. 

z/rficcs  Of  the  numerous  packings  in  many  different  shapes,  and  of 
many  materials  of  construction  that  have  been  used  in  laboratory  frac¬ 
tionating  columns,  single-turn  metal“  and  glass  helices^  have  had  widest 
abdication.  Difficult  problems  of  research  in  the  petroleum  industry 
ic  required  separation  of  complex  mixtures  of  hydrocarbons  were 
aigely  responsible  for  development  of  metal  helices  for  column  packing 
]  dass  helices  were  developed  as  a  substitute  for  metal  helices  where  the 

manyorganrLCpoundrtanCe  *  C°rr0Si°n’  &S  “  the  “nation  of 
Several  methods  and  machines  have  been  devised  for  constructing  glas 
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and  metal  helices.57-62  Fundamentally,  all  methods  consist  in  winding  wire 
or  glass  fibers  on  a  rotating  mandrel,  adjacent  turns  being  very  nearly  in 
contact.  A  high-speed  rotating  knife  or  stone  then  cuts,  or,  in  the  case  of 
glass,  knicks  each  turn  across  the  fiber  to  produce  a  single  helix  of  packing. 
Commercial  production  of  both  types  of  helices  has  been  so  well  developed 
that  there  is  no  justification  for  building  a  machine  to  produce  helices  for  a 
few  columns. 

M etal  helices  are  available  in  several  sizes  to  allow  both  large-  and  small- 
diameter  columns  to  be  packed  with  a  size  having  the  proper  ratio  of 
column  diameter  to  helix  diameter.  If  this  ratio  is  8  or  higher,  the  packing 
fits  closely  to  the  tube  wall  and  provides  maximum  efficiency  in  a  given 
length.  Standard  metal  helices  are  manufactured,* *  usually  of  stainless 
steel,  with  inside  diameters  of  #/m,  Vi6,  3/32,  and  %/%%  in.  of  No.  40,  No.  36, 
No.  30,  and  No.  26  gage  wire,  respectively. 

The  effect  of  helix  diameter  on  H.E.T.P.  in  a  column  50  mm.  I.D.  is 
shown  in  Table  X.  The  data  include  results  on  several  sizes  not  commonly 
used  to  emphasize  the  effect  of  helix  diameter  on  efficiency  .6S 


TABLE  X63 

Efficiency  of  Various-Diameter  Single-Turn  Helices  in  a  Column 
5.0-Cm.  I.D.  with  Packed  Section  259  Cm.3 


Packing 

i/4-in.  I.D.  aluminum5 - 

3/„-in.  I.D.  aluminum*  ... 
s/32-in.  I.D.  stainless  steel* 

6 /32-in.  I.D.  nickeF . 

l/8-in.  I.D.  nickel* . 

3 /32-in.  I.D.  stainless  steeF 


Boil-up 
rate, 
ml. /min. 

Total  press. 

drop 
range, 
mm.  Hg 

No.  of 
theor. 
plates 

H.E.T.P., 

cm. 

325-355 

18-180 

58-197 

168-265 

168 

33-125 

1-6 

—  to  22 
10-22 

4-23 

17-17.5 

27-16.5 

25.5-19 

32.5 

45.0 

68-44 

15.2-14.7 

9.7- 15.7 
13.7-10.7 

7.9 

5.8 

3. 8- 5. 8 

•  Tested  with  n-heptane-metbylcyclohexane  test  mixture  at  total  reflux. 
b  Incipiently  flooded  just  prior  to  test. 

*  No  flooding. 

d  Fully  flooded  prior  to  test. 


It  is  apparent  from  the  results  of  Table  X  that  decreasing  the  diameter  of 
the  helices  leads  to  a  marked  reduction  of  H.E.T.P.,  part.cularly  as  be- 

*  Dr  M  R  Fenske,  Petroleum  Refining  Laboratory,  State  College,  Pennsylvania. 
Ace  cLs  In!;  Vineland,  New  Jersey.  American  Instrument  Co.,  Stiver  Sprtng,  Mary- 


land. 


•’  Young,  W.  G„  and  Jasaitis,  J.  Am.  Cbm.  Soc..  58,  377  (1936) 

68  Dostrovsky  and  Jacobs,  Chemistry  A  Industry,  23,  204  (19  )• 

68  Still,  Chemistry  &  Industry,  23,  130  (1945) 

eo  Stewart,  W.  W.,  Ind.  Eng.  Chem.,  Anal.  Ld  8,  4ol  (  •  •  • 

6i  Price,  R.  W.,  and  McDermott,  f^  ^ncJR  '  s’oc.,’ 57,  954  (1935). 
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tween  helix  diameter  of  x/\  in.  and  V32  in.  Permissible  boil-up  rate  di¬ 
minishes  sharply  with  smaller  diameter  packing!  the  maximum  efficiency 
is  attained  at  lower  boil-up  rates. 

More  complete  data,  including  holdup,  efficiency  factor,  and  pressure 
drop,  of  columns  packed  with  Via-in.  and  3/32-in.  single-turn  metal  helices 
are  given  in  Table  XI.64 


TABLE  XI 


Rectification  Characteristics  of  Metal  Helices*4 


Column 

Length,  Diam., 

cm.  cm. 

Throughput, 
ml. /min. 

Theor. 

plates 

H.E.T.P., 

cm. 

Holdup, 
ml. /plate 

Effic. 

factor 

Pressure 

drop, 

mm. 

Hg/plate 

Vis-In.  I  D.  stainless  steel  of  No.  34  wire 

71 

0.8 

0.38 

55 

1.3 

0.16 

140 

_ 

105 

2.54 

8.3 

65 

1.6 

1.2 

420 

0.02 

105 

2.54 

16.7 

62 

1.7 

1.6 

630 

0.07 

105 

2.54 

51.0 

43 

2.5 

3.3 

925 

0.65 

3/32-In.  I.D.  stainless  steel  of  No.  30  wire 

70 

0  8 

0.54 

'  27 

2.6 

0.29 

110 

81 

1.2 

7.5 

37 

2.2 

0.54 

820 

_ 

266 

2.54 

8.5 

140 

1.9 

1.2 

425 

0. 13 

266 

2.54 

16.9 

126 

2. 1 

1.6 

630 

0.05 

266 

2.54 

50.7 

88 

3.0 

3.4 

900 

0.57 

225 

5.08 

22 

58 

3.9 

13.5 

98 

0.009 

225 

5.08 

44 

54 

4.2 

16.3 

162 

0.048 

225 

5.08 

132 

44 

5.2 

31.0 

255 

0.72 

c  etal  helices  '/16  and  3/ 64  in.  in  diameter  are  of  chief  interest  for  packing 
igh-efficiency  columns  of  small  physical  size  to  minimize  holdup  and  so 
permit  fractionation  of  small  charges.  Construction  of  the  rectifying  sec- 

in0Figuren  12  «  H  ETP^of  WHh  V6,'in'  helices  is  shown 

igure  12.  H.E.T.P.  of  this  column  is  0.35  centimeter.  Maximum 

boil-up  rate  is  about  2.5  ml.  per  minute;  holdup  is  8  ml.,  which  gives  an 
efficiency  factor  of  about  1000.  g 

properly  performed.  Variations  H  E  T  P  irf  FfTZ  and 

lar  sise  and  packing  dimensions  among  different 

86  HaH1  H°ri  d  Amu  CJl6m‘  S°C "  62’  795  (194°)- 
American' Petroleum  taatffilte,  M&e^ng'at^Chicago^IlE^No^n^lo^^p^^*8^*^^*011* 
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tent  a  function  of  test  procedure,  purity  of  components  of  a  text  mixture, 
and  analytical  accuracy  in  making  the  tests,  rather  than  vagaries  in  the 
behavior  of  the  packing.  Pressure  drop  across  helices-packed  columns  is 
not  excessive  if  reasonable  throughputs  are  acceptable.  Efficiency  factor 
tends  to  be  somewhat  low,  but  except  in  analytical  distillations  of  very  com¬ 
plex  mixtures  whose  components  are  close  boiling,  this  factor  is  not  serious. 


Columns  packed  with  metal  helices  probably  diminish  in  efficiency  as 
the  packingundergoes  a  certain  amount  of  corrosion  -.table  under  the 
most  careful  operating  and  cleanmg ^cond.t.ons ,  and  "““y  will 

on  the  materia,  distilled,  and 
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on  the  extent  of  air  leakage  into  the  still  pot  as  well  as  the  effectiveness  of 
the  cleaning  process  after  a  distillation  has  been  performed.  No  data  are 
available  on  the  effect  of  corrosion  and  deposits  on  the  efficiency  of  helices- 
packed  columns;  however,  a  large  Stedman  column  was  tested  after  3 
years  of  use  and  found  to  have  lost  nearly  50%  of  its  efficiency  at  high 
throughputs,  but  only  a  few  per  cent  at  low  throughputs.66 

Glass  helices  may  be  substituted  for  metal  helices  as  packing  for  rectify¬ 
ing  sections  when  the  metal  type  is  not  resistant  to  chemical  action  of  a  dis¬ 
tillate.  Glass  helices  are  not  available  in  as  many  diameters  as  metal 
helices,  they  are  less  uniform  in  fiber  diameter,  and  their  fragile  character 
prevents  tamping  to  provide  a  uniform  packed  section;  consequently,  a 
column  packed  with  glass  helices  may  have  a  greater  H.E.T.P.  than  one 
packed  with  metal,  other  factors  being  equal. 

Table  XII  gives  the  rectification  characteristics  of  V8-in.  glass  helices.64 

TABLE  XII 


Rectification  Characteristics  of  Vs-Inch  Glass  Helices  at  Total  Reflux 


Column 

length, 

cm. 

ID., 

cm. 

Throughput, 
ml. /min. 

Theor. 

plates 

H.E.T.P., 

cm. 

Holdup, 
ml. /plate 

Efficiency 

factor 

43 

1.0 

2.7 

11 

3.9 

0.70 

230 

43 

1.0 

7.8 

11 

3.9 

0.77 

610 

80 

1.2 

3.7 

21 

3.8 

_ 

80 

1.2 

11.3 

18 

4.3 

— 

— 

A.I3L/U/  A.UI 


Rectifying  Efficiencies  of  7,-Inch  Glass  Helices0 


Column 
diam.,  cm. 


1.1 
1 .3 
0.8 
1  .4 

1.3 

1.4 
0.9 
1.6 

1.3 
1.7 

1.5 

1.4 


Packed  height, 
cm. 


2G 

38 

40 

44 

44 

45 
53 
60 
63 
82 
87 

135 


Theor. 

plates 


9.0 

5.0 

6.7 
8.6 

11.5 
11.0 
14.0 

9.7 
9.0 

12.5 

18.5 
21.3 


H.E.T.P., 

cm. 


2.8 

7.6 
6.1 

5.1 
3.8 

4.1 

3.8 

6.1 

6.9 

6.6 
4.8 
6.3 


Uon,  American  Sum u'l 


Rectification  Characteristics®  of  McMahon  Packing 
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V»- by  7/32-in.  carding  teeth .  76-245  40-52  5. 1-6. 4 c  0.12-0.12 

5.1-cm.  I.D.  column  with  259-cm.  packed  section.  With  n-heptane-methylcyclohexane. 

H.E.T.P.  decreased  with  increasing  boil-up  rate. 

H.E.T.P.  increased  with  increasing  boil-up  rate. 
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A  tabulation  by  Fenske  et  al .67  of  a  large  number  of  columns  built  and 
tested  by  different  workers  is  given  in  Table  XIII. 

The  large  variations  of  H.E.T.P.  shown  in  Table  XIII  are  not  only  the 
result  of  differences  in  column  diameter,  length  of  packed  section,  and  in¬ 
evitable  differences  in  testing  techniques,  but  are  indicative  of  variations 
in  packing  density  which  results  when  helices  may  not  be  tamped.  The  use 
of  glass  helices  as  packing  is  justified  only  when  a  noncorrosive  packing  is 
required,  as  in  the  fractionation  of  acids,  organic  halides,  certain  sulfur 
compounds,  and  some  phenolic  products. 

McMahon  packing:  Although  single-turn  stainless-steel  helices  are  one 
of  the  most  efficient  packings  for  laboratory  columns  2  in.  in  diameter  and 
smaller,  they  show  increasingly  poorer  results  as  column  diameters  are  in¬ 
creased.  Values  of  H.E.T.P.  increase,  and  under  the  most  favorable 
conditions,  a  column  15.2  cm.  (6  in.)  in  diameter  would  have  an  H.E.T.P. 
equal  to  the  column  diameter  or  larger;  McMahon  packing68  appears  to 
have  more  favorable  characteristics  in  this  respect.  This  packing  is 
made*  by  bending  y4-in.  squares  of  wire  cloth  into  the  form  of  saddles; 


the  cloth  is  100  X  100  mesh  with  a  wire  diameter  of  0.0045  inch.  The 
characteristics  of  the  y4-in.  packing  are  given  in  Table  XIV.69 

The  lower  H.E.T.P.  of  the  brass  packing  appears  to  be  the  result  of  bet¬ 
ter  wettability  of  the  brass  as  compared  to  Monel  packing.  Further  investi¬ 
gation  of  the  effect  of  mesh,  wire  size,  and  particle  size  on  the  efficiency  of 
McMahon  packing  may  lead  to  more  favorable  parameters  for  the  packing. 
McMahon  packing  made  from  */V  and  V2-in.  squares  of  60-  and  80-mesh 
stainless-steel  wire  have  greater  values  of  H.E.T.P.  but  lower  pressure 
drop  than  the  y4-in.  packing.7" 

Protruded  packing:  A  recently  developed  packing  for  use  in  columns  3.7 
cm.  in  diameter  and  larger  is  known  as  protruded  packing.  It  “consists  of 
small  units  made  from  thin  metal  which  contain  more  than  1000  holes  pei 
square  inch  of  surface  and  is  shaped  into  a  half  cylinder  with  corners  or 
edges  bent  in  to  prevent  stacking..  The  holes  are  not  clean-cut,  but  a  burr 
or  protrusion  is  formed  on  one  side.  These  burrs  and  holes  impart  an  im- 
portant  property  to  the  metal-because  of  them  it  ns  read, Iy  wetted  by 
liquids.  Preflooding  is  not  necessary  with  this  packing,  a  fact  which  great  > 
lowers  the  time  required  for  initial  equilibrium  to  be  reached,  t 


„  Wire  Cloth  Products,  Inc.,  332  S.  Michigan  Ave..  Chicago,  Illinois 
t  Manufactured  by  Scientific  Development  Co  State  Col 
e?  Fenske,  Tonberg,  and  Quiggle,  Ind.  Eng.  Chem.,  26,  1 

McMahon,  Ind.  Eng.  Chem.,  39,  712  (1947).  riQ471 

.  Forsythe,  Stock,  Wolf,  and  Conn,  Ind.  Eng.  Cken.^,  714 A  947). 
to  Fisher,  A.  W.,  and  Bowen,  Chem.  Eng.  Progress,  45,  3o9  (1949). 
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Table  XV  gives  tne  rectification  characteristics  of  protruded  packing 
in  2-  and  4-in.  columns.71 

This  packing  seems  suitable  for  larger  columns  of  high  efficiency  and 
large  throughput.  When  throughputs  were  in  the  ratio  of  the  cioss-sec- 
tional  area  of  the  columns,  the  10-cm.  column  had  an  H.E.T.P.  only 
slightly  greater  than  the  5-cm.  column  with  the  coarser  packing.  With 
the  smaller  packing  size,  the  5-cm.  column  had  the  lower  H.E.T.P. 

“ Heli-Pak ”  'packing.  The  most  recently  developed  dump  packing  is 
designed  on  the  principles  of  the  preformed  Heli-Grid  packing  described 
below.  Each  piece  of  packing  has  a  boxlike  shape,  and  is  constructed  by 
winding  wire  onto  a  rectangular  mandrel,  the  spacing  of  the  turns  being 
carefully  controlled  to  ensure  formation  of  a  film  by  capillary  action  when 
the  packing  is  wet  with  liquid.  The  packing  has  the  desirable  property  of 
pouring  freely  without  tangling,  and  is  easy  to  introduce  into  a  column. 
For  best  performance,  the  packing  should  be  preflooded. 

Performance  data  of  several  sizes  of  Heli-Pak  packing  as  determined  in 
the  laboratory  of  the  manufacturer*  are  given  in  Table  XV-A. 

Ball  packing:  Spherical  particles  have  the  least  surface  per  volume  of 
particle  of  any  possible  configuration.  When  used  as  packing  in  a  column 
of  diameter  large  compared  to  the  diameter  of  an  individual  particle,  balls 
will  pack  uniformly,  and  have  a  minimum  surface  in  contact  with  any  ad¬ 
jacent  ball  or  with  the  column  wall.  Free  space  remains  reasonably  con¬ 
stant  for  two  sizes  of  particle,  one  of  about  half  the  diameter  of  the  other. 
A  summary  of  an  investigation'*  of  copper,  lead,  and  glass  balls  is  given  in 
Table  XVI.  Column  efficiency  was  independent  of  the  material  from 
which  the  balls  were  made.  Pressure  drop  per  theoretical  plate  was  high 
which  reflected  the  small  free-space  of  the  packing.  The  efficiency  factor 
is  comparable  to  that  of  metal  helices. 

Miscellaneous  packings:  Table  XVII  gives  efficiency  data  for  several 
miscellaneous  types  of  packing.73  The  majority  of  these  are  useful  in 
larger-diameter  columns  where  high  distillation  rates  are  desired  and  low 
efficiency  is  satisfactory.  Carding  teeth  appear  to  be  suitable  for  high- 
efficiency  packing;  unfortunately,  they  are  not  available  in  stainless  steel 
or  other  corrosion-resistant  material,  and  hence  are  not  of  interest  as  pack- 


No.  19  jack  cham,  as  shown  in  Table  XVII,  has  no  particular  merit  as 
packing  Locket  cham  (link  circumference  6.2  mm.,  rod  diameter  0  33 
mm.),  while  not  outstanding,  is  a  reasonably  good  packing  for  small  col- 


*  Podbielniak  Inc  341  East  Ohio  St.,  Chicago,  Illinois. 

Vannon,  Ind.  Eng.  Chem.,  41,  1953  (1949). 

"  £'TYnd  Se,hicktanz’  J ■  ResemA  Noil.  Bur.  Standards,  19,  593  (19371 
Fenske,  Lawroski,  and  Tonberg,  Ind.  Eng.  Chem.,  30,  297  (1938)  ' 
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umns;  it  showed  an  efficiency  factor  of  525  in  comparison  to  425  for  ball 
packing  when  tested  as  indicated  for  ball  packing  in  Table  XVI.72 

Preformed  Packings.  Stedman  'packing'.  A  number  of  wire-gauze  pack¬ 
ings  foi  laboiatoiy  and  industrial  rectification  columns  have  been  developed 
by  fetedman. 74,75  Figure  13  shows  the  conical  type  which  has  been  found 
most  suitable  for  laboratory  columns.  It  consists  ol  a  series  of  wire-gauze 

discs  stamped  into  flat,  truncated  cones  and  welded 
together  alternately,  base  to  base  and  edge  to  edge, 
to  form  a  regular  series  of  cells.  Each  cone  has  a 
semicircular  opening  which  extends  about  two-thirds 
of  the  distance  from  the  edge  of  the  cone  to  the  flat 
disc  in  the  center.  The  cones  are  assembled  so  that 
the  perforations,  which  serve  as  vapor  passageways, 
are  located  alternately  on  opposite  sides  of  the  cells. 
Sections  of  packing  are  inserted  into  a  close-fitting 
vertical  tube  to  form  the  rectification  section. 

In  operation,  the  ascending  vapor  enters  the  vapor 
hole  in  the  lowest  cell,  flows  practically  horizontally 
through  the  cell,  and  leaves  through  the  vapor  per¬ 
foration  in  the  upper  cone  of  the  cell.  The  vapor 
stream  then  divides  and  passes  between  the  con¬ 
taining  tube  and  the  gauze  to  the  side  of  the  column 
where  it  entered  the  first  cell.  The  vapor  stream 
then  enters  the  second  lowest  cell.  This  flow  pat¬ 
tern  is  repeated  until  the  vapor  has  passed  through 
all  the  cells. 

The  reflux  liquid  flows  along  the  gauze  as  a  thin 
film  which  seals  the  openings  of  the  mesh  and  makes 
the  vapor  follow  its  prescribed  course.  The  reflux 
also  provides  a  liquid  seal  at  the  points  of  contact 
between  the  packing  and  the  containing  tube,  and 
this  prevents  by-passing  the  vapor  as  the  reflux 
descends  the  column  it  flows  out  toward  the  tube  wall  on  the  upper  cone 
of  each  cell  and  then  back  toward  the  axis  of  the  column  as  it  flows  along 

the  lower  cone  of  the  cell. 

To  provide  the  proper  mechanical  strength,  to  furnish  a  surface  ol  suit¬ 
able  roughness,  and  to  give  a  mesh  opening  ol  a  size  that  can  be  sealed  by 
the  surface  tension  of  the  liquid  require  a  careful  choice  ol  gauze;  the  most 
satisfactory  mesh  sizes  were  from  36  to  60  warp  wires  per  inch  and  from  36 
to  40  weft  wires  using  10-mil  wire. 


Fig.  13.  Conical-type 
Stedman  packing. 


74 


^  Stedman,  Can.  J.  Research ,  B15,  383  (1937 ). 

76  Stedman,  Trans.  Am.  Inst.  Chem.  Engrs.,  33,  153  (1937 j. 


II. 


ORDINARY  FRACTIONAL  DISTILLATION 


211 


Stamping  the  cones  for  fabrication  of  Stedman  packing  requires  pre¬ 
cision  dies;  the  welding  together  of  the  cones  to  form  the  packing  requires 
the  use  of  special  jigs.  The  efficiency  of  the  packing  depends  upon  a  close 
fit  with  the  containing  tube.  Precision-bore  glass  tubing  with  an  inside- 
diameter  tolerance  of  0.001  in.  is  generally  used  for  the  containing  tube. 
Furthermore,  the  insertion  of  the  packing  in  the  tube  is  rather  difficult, 
and  if  not  done  properly  the  column  efficiency  is  greatly  decreased.  For 
these  reasons  it  is  much  easier  and  cheaper  to  purchase  the  assembled  tube 
and  packing  than  to  construct  it.* 

The  rectification  characteristics  of  Stedman  packings  have  been  care¬ 
fully  studied.76-77  In  order  to  obtain  the  full  efficiency  of  the  packing  it 
was  necessary  to  preflood  the  packing  before  running  the  efficiency  test. 
The  enhanced  efficiency  caused  by  preflooding  packings  was  first  noted  by 
Nickels.78  In  the  case  of  Stedman  packing,  the  preflooding  operation  ap¬ 
pears  to  free  thoroughly  the  gauze  surfaces  of  entrapped  air  so  that  a  strong, 
uniform  liquid  film  forms  which  completely  prevents  channeling  with  re¬ 
sultant  loss  of  rectification  efficiency.  The  data  of  Bragg77  are  given  in 
Table  XVIII. 


Inspection  of  Figure  14  (p.  213),  a  plot  of  the  data  from  Table  XVIII  for 
the  1.9-cm.  diameter  packing,  shows  that,  in  contrast  to  other  types  of 
wetted-surface  columns,  the  H.E.T.P.  values  of  Stedman  packing  are  not 
lowest  at  the  lowest  throughput.  Instead,  as  the  throughput  of  the  Sted¬ 
man  packing  is  increased  from  the  lowest  rates,  the  H.E.T.P.  values  de¬ 
crease  sharply  until  a  certain  minimum  value  is  reached;  further  increases 
in  throughput  result  in  a  gradual  increase  in  H.E.T.P.  values  until  the 
flood  point  is  reached.  Bragg  explains  this  phenomenon  on  the  basis  that 
Stedman  packing  requires  a  certain  minimum  throughput  to  keep  the  gauze 

thoroughly  wet  and  that  the  rectification  efficiency  is  greatest  at  this  mini¬ 
mum  throughput. 


The  H.E.T.P.  values,  pressure  drop,  and  holdup  of  Stedman  packing 
compare  favorably  with  those  of  other  types  of  wetted-surface  columns  of 
comparable  throughput,  such  as  the  spiral  columns.  However,  the  varia¬ 
tion  of  H.E.T.P.  with  throughput  is  more  pronounced  with  Stedman 
packing  than  with  spiral  columns  (compare  Figs.  7  and  14) .  Consequently 
throughput  control  is  more  critical  when  Stedman  packing  is  used. 
Heli-Grid  packing:  A  priori  it  appears  that  properly  designed  packing 

New^Jeraey"  *'* ““  by  the  Scientifio  Glass  Apparatus  Co.,  Bloomfield, 

28,  RB34ga941)B'’  A’"  ImL  CAm-  37,  19  (1941);  Natl.  Petroleum  News, 

”  Bra,gg’  L‘  B-’ Ind-  En9-  Ghent.,  Anal.  Ed.,  11,  283  (1939 ) 

Nickels,  J.  E.,  Thesis,  Pennsylvania  State  College,  1936^ 


TABLE  XV  III.  Rectification  Characteristics  of  Stedman  Packing 


Throughput 
liquid, 
ml. /min. 

H.E.T.P.,® 

cm. 

Pressure  drop, 
mm.  Hg/theor. 
plate 

Liquid 
holdup, 
ml. /plate 

Efficiency 

factor, 

plates/hr. 

0.95- 

■cm.  diameter  packing 

1.50 

3.05 

0.0045 

1.67 

1.87 

0.0028 

- 

1.83 

1.47 

0 . 0043 

0.137 

805 

2.17 

1.14 

0.028 

0.144 

905 

2.34 

1.08 

0.039 

0.126 

1110 

2.50 

1.08 

0.083 

0.140 

1070 

2.83 

1.14 

0.084 

0.150 

1130 

2.83 

1.17 

0.098 

— 

- 

3.00 

1.22 

0.13 

0.170 

1060 

3.17 

1.36 

0.17 

0.194 

980 

3.24 

1.38 

0.18 

0.197 

1020 

3.50 

1.47 

0.22 

0.210 

1000 

3.75 

1 .56 

0.31 

0.228 

990 

4.37 

1.46 

0.33 

— 

_ 

3.84 

Flood  pt. 

1.9-cm.  diameter  packing 


1 

.67 

1.41 

0.0035 

0.201 

500 

2 

.08 

1.27 

0.0077 

0.223 

560 

2 

.50 

1.21 

0.0093 

0.213 

705 

2 

.92 

1.23 

0.014 

0.216 

810 

3 

.34 

1.26 

0.025 

0.356 

560 

5 

.00 

1.43 

0.054 

0.421 

710 

6 

.67 

1.66 

0.229 

0.564 

710 

8 

.34 

1.81 

0.342 

0.628 

800 

10 

.0 

1.93 

0.450 

0.808 

740 

10 

.6 

2.19 

0.605 

— 

— 

10 

.6 

Flood  pt. 

2.5-' 

cm.  diameter  packing 

2 

14 

1.62 

0.0039 

0.217 

590 

2 

.50 

1.25 

0.0037 

0.186 

810 

2. 

67 

1.27 

0  0038 

— 

— 

3 

33 

1.39 

0.0085 

0.296 

675 

4. 

17 

1.49 

0.016 

0.354 

710 

4. 

67 

1.57 

0.022 

0.439 

640 

5. 

00 

1.58 

0  027 

— 

— 

6. 

67 

1.75 

0  049 

0.643 

620 

8. 

00 

1.85 

0  067 

— 

— 

8. 

33 

1.96 

0.097 

0.772 

650 

10 

00 

1.96 

0.151 

— 

- * 

11 . 

70 

2.06 

0.214 

0.915 

770 

13. 

3 

2.16 

0.320 

— 

— 

15. 

0 

2.32 

0.460 

1.25 

1 20 

16. 

18. 

18. 

7 

0 

7 

2.48 

2.52 

2.49 

0.647 

0.73 

0.807 

1.38 

1.48 

3.25 

720 

730 

350 

18.0  Flood  pt. 


o  Determined  with  benzene-ethylene  dichloride  test  mixture. 
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made  as  an  integral  unit  according  to  a  definite  pattern  should  have  better 
rectification  characteristics  and  be  more  reproducible  constructionwise 
than  a  packing  depending  on  random  arrangement  of  a  large  number  of 
individual  pieces  of  packing.  Rigid  one-piece  packings  utilizing  wire  turns 
or  loops  spaced  precisely  in  accordance  with  a  definite  design  have  been 
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mum  design  rom  the  standpoint  of  H  E  T  P "hold  det*V™ne  the 

9  Podbielmak,  Incorporated,  Chicago,  Illinois  l<m  4  i 
Temperature  Distillation  Apparatus.  ’  945  C  talog’  Hyper-Cal  High- 
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to  have  exceptionally  good  rectification  characteristics  are  shown  in  Figure 
15  and  described  as  follows: 

“The  packing  in  Figure  15A  consists  of  coils  of  sectorlike  section,  wound  around 
each  and  around  a  very  small  core  wire,  to  yield  a  number  of  uniform  nonflooding 
vapor  passageways,  ‘lined’  perfectly  with  capillary  liquid  reflux  films  extending  be¬ 
tween  vertically  adjacent  wire  loops.  Another  form  of  packing  (Fig.  15B)  con¬ 
sists  of  wire  cage  staircases,  wound  around  a  central  solid  core  and  around  each 
other  in  concentric  telescoping  layers,  if  necessary  to  obtain  larger  diameters  and 
capacities.” 


(A)  (B) 

Fig  15.  Heli-Grid  packings:  (A)  assembly  of  sector-section  coils  twisted 
around  central  core ;  (B)  staircase  assembly  of  rectangular  section  coils  around 

central  core.79 


SCThe^  packings,  which  have  been  called  Heli-Grid,  have  been .  made  in 
diameters  ranging  from  0.57  to  2.5  cm.  and  in  length  up  to  G  feet.  Wue 
sizes  and  spaces  vary  with  the  design  but  usually  the  wire  -bou  0.010- 
in.  diameter  with  spacings  between  wires  about  equal  to 
The  packing  is  made  from  corrosion-resistant  Nichrome  or  Incon  . 
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The  results  of  fractionating-efficiency  tests  on  Heli-Grid  rectifying  sec¬ 
tions  of  various  diameters  are  given  in  Table  XIX.  The  data  show  that 
the  Heli-Grid  packings  combine  low  H.E.T.P.,  low  holdup,  and  low  pres¬ 
sure  drop  with  a  fairly  high  throughput  resulting  in  an  excellent  efficiency 
factor.  Over  most  of  the  useful  operating  range,  the  H.E.T.P.  shows  a 
rather  marked  variation  with  throughput  so  that  the  packing  requires  an 
extremely  efficient  adiabatic  jacket  and  exact  control  of  the  heat  input  to 
the  still  pot  in  order  to  secure  stable  operation  and  full  utilization  of  the 
fractionating  efficiency  of  the  Heli-Grid  packing.  A  remarkably  efficient 
vacuum  jacket  and  auxiliary  accessories  have  been  developed  to  attain  this 
end.79 

The  time  required  for  a  rectifying  section  to  reach  equilibrium  is  an  im¬ 
portant  criterion  for  comparing  column  designs.  Unfortunately,  the  litera¬ 
ture  does  not  contain  much  information  on  this  subject.  In  the  case  of 
the  Heli-Grid  packing,  however,  such  data  are  available80  and  are  plotted 
in  Figure  16,  for  a  column  2.5  cm.  in  diameter  and  36  in.  long.  Inspection 
of  data  shows  that  a  36-in.  section  of  Heli-Grid  packing  requires  about  8 
hours  to  reach  equilibrium;  furthermore,  the  equilibration  time  appears 
to  be  independent  of  throughput. 

Like  many  types  of  column  packing,  the  Heli-Grid  exhibits  improvement 
of  fractionation  efficiency  upon  preflooding.  The  effect  of  preflood  is  illus- 


TAtfLE  XIX 

Rectification  Characteristics  of  Heei-Grid  Packing0 


0.83 

1.25 

1.67 

2.50 


1.25 
1.67 
2.08 
2.50 
3.33 
4 . 17e 


Throughput,  H.E.T.P.,  6  Pressure  drop,  Liquid  holdup 

ml-/mm- _ “■  mm.  Hg/plate  ml./plate 


0.57-cm.  diameter 


0.76 

1.20 

1.76 

2.29 


0.02 


0.80-cm.  diameter 

0.59  0.02 

0'3  0.04 

0  91  0.06 

1  09  0.09 

1.36  0.14 

1  60  0.19 


0.04 


Efficiency 

factor, 

plates/hr. 


3750 


3120 


an  i,  i*  ,  Table  continued 

L  randt,  Perkins,  and  Halverson,  Oil  Gas  J  Dee  iqac  c- 

Temperature  Analytical  Distillation,  American Petroleum °“  Hi6h' 
cago,  Illinois,  Nov.  11,  1946,  p.  51.  Institute,  Meeting  at  Chi- 
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TABLE  XIX  ( continued ) 


Throughput, 
ml. /min. 

H.E.T.P.,  & 
cm. 

Pressure  drop 
mm.  Hg/plate 

Liquid  holdup, 
ml. /plate 

Efficiency 

factor, 

plates/hr. 

1 . 10-cm.  diameter 

2  08 

0.62 

— 

0.05 

3333 

3.33 

0.93 

— 

0.07 

2860 

4.17 

1.17 

— 

0.20 

2200 

5.00 

1.36 

— 

— 

1950 

6.25* 

1.60 

— 

— 

1700 

1 . 3-cm.  diameter 

4.17 

0.63 

0.03 

— 

— 

5.0 

0.92 

0  06 

0.11 

2720 

5.83 

1.06 

0.08 

— 

— 

6.67 

1.19 

0.11 

— 

— 

7.50 

1.34 

0.13 

— 

— 

8.33 

1.47 

0.16 

— 

— 

9 . 18e 

1.60 

0.20 

— 

— 

1 . 3-cm.  diameter** 

0.5 

— 

— 

— 

— 

1.0 

— 

— 

— 

— 

2.0 

0.76 

0.015 

0.10 

1200 

3  0 

0.99 

0.03 

0.15 

1200 

4  0 

1.14 

0.05 

0.18 

1330 

5.0 

1  .36 

0.08 

0.23 

1300 

5.5 

1.47 

0.10 

0.26 

1270 

2.2-cm.  diameter 

7.0 

0.65 

0.03 

— 

— 

10  0 

0.87 

0.06 

— 

— 

13. 

1.12 

0.09 

0.38 

2050 

16. 

1.39 

0.14 

— 

20. 

1.73 

0.21 

— 

26. c 

2.18 

0.36 

2.5-cm.  diameter 

. 

10 

0.71 

0.03 

— 

— 

14 

0.95 

0  07 

2.5-cm.  diameter 

18 

1.17 

0.10 

0.50 

2160 

22 

1.47 

0.16 

25 

1.69 

0  21 

30 

2.13 

0.33 

35 

2.41 

0.46 

Table  continued 
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TABLE  XIX  ( concluded ) 


Throughput, 

ml./min. 

H.E.T.P., & 
cm. 

Pressure  drop, 
mm.  Hg/plate 

Liquid  holdup, 
ml. /plate 

Efficiency 

factor, 

plates/hr. 

2.5-cm.  diameter* 

8.3 

0.99 

— 

0  36 

1390 

16.7 

1.24 

— 

0.53 

1890 

25.0 

1.58 

— 

0.76 

1970 

33.4 

1.91 

— 

1.07 

1870 

a  91.5-cm.  length.  Interpolated  from  curves  published  by  Podbielniak.81  Data  at 
H.E.T.P.  values  below  0.9  cm.  obtained  in  35-cm.  section. 

6  Determined  with  n-heptane-methylcyclohexane  test  mixture,  packing  preflooded, 
at  total  reflux. 

e  Flood  point.  d  Unpublished  data  of  the  authors.  *  Data  of  Brandt,  Perkins,  and 
Halverson.82 


trated  in  Figure  17,  for  a  column  2.5  cm.  in  diameter  and  30  in.  long.  The 
data  show  that  the  number  of  theoretical  plates  in  the  Heli-Grid  packed 
column  is  increased  about  one-third  as  a  result  of  preflooding.  Of  interest 
is  the  fact  that  the  preflooded  and  unpreflooded  columns  both  require  the 
same  equilibration  time. 

To  secure  the  best  results  from  a  fractional  distillation,  the  usual  prac¬ 
tice  is  to  use  a  still-pot  charge  which  is  large  with  respect  to  column  holdup. 
Podbielniak,84  however,  obtained  some  remarkable  fractionation  results 


when  he  used  a  still-pot  charge  which  was  roughly  equivalent  to  the  total 
column  holdup,  and  used  a  column  containing  more  plates  than  theoreti¬ 
cally  necessary  for  the  separation.  The  distillation  curve  shown  in  Figure 
18  shows  an  analytical  separation  of  n- heptane  and  methylcyclohexane 
(boiling-point  difference  2.5°C.)  in  a  2.2-cm.  diameter,  6-ft.  'long  Heli- 
Grid  packed  column.  The  total  distillation  time  was  only  10  hours  and  a 
reflux  ratio  of  only  12:1  was  used.  The  sample  size  of  75  ml.  was  approxi- 
mately  equal  to  the  column  holdup.  Toluene  was  used  as  a  chaser  to 
push  the  sample  up  the  column.  Podbielniak’s  procedure  should  be 
applicable  to  other  types  of  rectifying  sections. 

The  rectification  characteristics  of  the  Heli-Grid  packing  make  it  especi¬ 
ally  useful  for  analytical  fractionations,  particularly  when  the  available 
sample  size  is  limded  An  example  of  an  analytical  fractionation  obtained 
a  Heli-Grid  packed  column  operating  in  the  conventional  manner  is 
s  own  in  Figure  67.  A  special  type  of  fractional-distillation  apparatus 


Jo°db?+ln!fk; Ind"  Eng'  Chem->  Anal-  Ed.,  13,  639  (1941). 

Brandt,  Perkins,  and  Halverson,  Oil  Gas  J  rw  i  oir  a 
perature  Analytical  Distillation  American  pJ’r  1  ’  T4  Symposium  on  High  Tem- 

Illinois,  Nov.  11,  1946,  p.  51  Petroleum  Institute,  Meeting  at  Chicago, 
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(Hyd  Robot)  incorporating  a  Heli-Grid  packing  is  more  or  less  standard 
in  the  petroleum  industry  for  analysis  of  light  hydrocarbon  gases. 


Pig.  16.  Heli-Grid  packed  rectifying  column,  2.5  cm.  diameter,  36  in  long.80 


Full  details  for  constructing  the  patented  HeU-Gridpack ings  have  not 

been  disclosed.  Furthermore,  the  construction  is  difficult  an 
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precise  equipment  and  considerable  experience.  For  these  reasons  the 
purchase  of  the  assembled  columns  is  recommended.83  Constructional 


Fig.  18.  A  Heli-Grid  packed  col¬ 
umn.  Fractionation  of  n-heptane- 
methylcyclohexane  test  mixture, 
12:1  reflux  ratio,  total  distillation 
time  10  hours.84 
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details  of  a  glass  helical  packing  similar  to  Heli-Grid  packing  in  characteris¬ 
tics  have  been  published.15 


B.  PLATE  COLUMNS 

A  plate  column  consists  of  a  tube  containing  a  vertical  series  of  equally 
spaced  horizontal  plates  or  trays.  The  reflux  liquid  collects  on  each  plate 
until  it  reaches  a  definite  level  and  thereafter  overflows  to  the  next  lower 
plate  through  an  overflow  or  down  pipe.  The  reflux  liquid  on  this  next 
lower  plate  and  on  each  successive  lower  plate  seals  the  bottom  end  of  the 
overflow  pipe  and  prevents  vapor  flow.  The  down  pipe  from  the  first  or 
lowest  plate  in  the  column  is  also  provided  with  a  liquid  seal. 

Vapor-liquid  contacting  takes  place  during  the  passage  of  the  vapor 
through  the  reflux  trapped  on  the  plates.  From  this  it  can  be  seen  that 
the  separation  takes  place  in  a  number  of  discrete  steps.  If  the  vapor- 
iqu.  mteraction  on  the  plates  were  ideal,  each  actual  plate  would  be 
equivalent  to  1  theoretical  plate;  however,  the  vapor  and  liquid  leaving 

e  Plate  are  not  usually  in  equilibrium  so  that  each  actual  plate  is  equiva- 

lent  to  only  about  0.50  to  0.75  of  a  theoretical  plate,  or  each  actua^plate 
has  an  efficiency  of  50  to  75%.  P 

Two  methods  of  plate  construction  are  commonly  used  for  dispersing 
nie  vapor  m  the  l.qu.d:  bubble-cap  plates  and  perforated  plates  Each 
plate  of  a  bubble-cap  column  contains  one  or  more  vapor-riser  tubes  which 

lanr  efd-IL  t  Ian  iT'  °"  ***  A  ^  «up  or  bubble 

arger  diamete.  than  the  riser  is  inverted  over  each  vapor  riser  and  de- 

"  Illinois. 

Fractional  Distillation  Apparatus.  ’  945  CataloS>  Low-Temperature 

85  Mitchell  and  O’Gorman,  Anal.  Chem.,  20,  315  (1948). 
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fleets  the  vapor  beneath  the  surface  of  the  liquid.  The  vapor  passes 
through  slots  in  the  periphery  of  the  cap  and  enters  the  liquid  as  a  stream  of 
small  bubbles.  In  perforated-plate  columns  vapor  rises  through  perfora¬ 
tions  in  the  plate.  1  he  pressure  and  velocity  of  the  vapors  passing  through 
the  perforations  must  be  sufficient  to  hold  up  the  liquid  on  the  plate.  If  the 
pressure  and  velocity  are  too  low,  the  liquid  descends  through  the  perfora¬ 
tions,  and  if  too  high  the  liquid  is  pushed  off  the  plate  and  the  contacting 
efficiency  decreases. 

Plate  columns  have  much  higher  throughputs  than  film-type  columns, 
and  the  rectifying  efficiency  is  nearly  independent  of  boil-up  rate  so  that 
operation  is  simple  and  uniform.  Owing  to  the  necessity  of  maintaining 
a  liquid  layer  on  the  plates,  the  holdup  and  pressure  drop  are  compara¬ 
tively  high.  rI  he  rectifying  efficiency  of  plate  columns  as  measured  by  the 
H.E.T.P.  is  usually  lower  than  in  film-type  columns.  Generally  speaking, 
the  construction  of  laboratory-size  plate  columns  is  more  difficult  than  that 
of  an  average  laboratory  film-type  column. 

The  characteristics  of  plate  columns  make  them  extremely  useful  for  the 
purification  or  analysis  of  large  samples. 

Bubble-Cap  Columns.  Laboratory  bubble-cap  columns  were  first 
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Fig  19.  Bruun  bubble-cap  rectifying  section.”  (a)  Bubble-cap  column  design: 
slots  in  bubble  cap  about  0.5  to  1  mm.  wide,  3  mm.  deep,  at  30  angle  with  radius  fire 
polished •  Pyrex  laboratory  glass;  all  dimensions  in  millimeters,  exact  dimens 
Mel  (b)  Operation  of  bubble  cap:  (A)  flood  point;  (B)  maximum  operating  rate, 

(C)  normal  operating  rate. 
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employed  by  LeBel  and  Henninger.86  Their  column  and  several  other 
early  types87-88  are  described  by  Young89;  unfortunately,  the  test  data  pre¬ 
sented  are  insufficient  to  permit  an  accurate  appraisal  of  their  rectification 
characteristics  and  efficiencies. 

Brunn90-91  developed  an  improved  all-glass  bubble-cap  column.  Figure 
19  shows  an  assembly  of  a  rectifying  section  and  describes  the  vapor  and 
liquid  paths.  A  Bruun  column  of  100  bubble-cap  sections  of  the  size  shown 
in  Figure  19  and  equipped  with  a  heating  jacket  and  accessories  for  semi¬ 
automatic  control  has  also  been  described.92  The  test  data  obtained  with 
this  column  are  given  in  Table  XX.  The  Bruun  column  has  many  desir¬ 
able  features.  The  all-glass  construction  makes  possible  the  fractionation 
of  many  corrosive  materials.  The  column  reaches  equilibrium  in  a  com¬ 
paratively  short  period  of  time;  for  example,  the  100-section  column  re¬ 
quires  only  2  to  6  hours,  and  furthermore,  owing  to  the  nonsiphoning 


TABLE  XX 


Rectification  Characteristics  of  Bruun  Bubble-Cap  Column* 


Throughput 
liquid, 
ml. /min. 

Total  No. 
theor. 
plates  i> 

H.E.T.P., 

cm. 

Liquid  holdup, 
ml. /theor. 
plate0 

Efficieney 

factor, 

plates/hr. 

5 

70.6 

2.8 

— 

320 

8 

84.2 

2.4 

0.93 

450 

10 

72.6 

2.8 

— 

650 

30 

Flood  point 

?  ^7cm-  .diameter,  100  bubble-cap  section,  2-cm.  spacing  between  plates. 

Determined  with  n-heptane-methylcyclohexane  test  mixture 

holtopTSch  l“gePr.d<!termin<id  at  an  undisclosed  but  "°™>i  throughput. 


Statie 


construction  of  the  bubble-cap  section,  an  uncompleted  distillation  can  be 
shut  down,  and  the  partially  fractionated  portions  of  the  liquid  will  be  re¬ 
tained  on  the  plates.  When  the  distillation  is  resumed,  product  with- 
drawal  can  commence  almost  as  soon  as  reflux  reaches  the  condenser. 
The  throughputs  are  fairly  high.  Since  the  H.E.T.P.  does  not  change  ap- 
prembly  with  throughput,  the  Bruun  column  is  easy  to  operate. 

1  he  Bruun  column  is  also  useful  for  the  distillation  of  materials  contain- 
mg  dissolved  water.  Frequently  during  the  early  stages  of  a  distillation 

86  LeBel  and  Henninger,  Ber.,  7,  1084  (1874). 

"  pfT'vf'J?'-  Soc'' 37, 50  (1880);  39> 517  (i8si). 

..  v  r  ’  «  ^ Rahrs’  E-  J  - Ini •  E*a-  Chem.,  18,  1002  (1926) 

»  Bruun*  M Ena Ch  Pn™,plles°nd  Processes.  London,  1922 

*•  212  U929);  BrUU”  a"d  ScUcktan,.  y. 

91  Bruun,  lnd.  Eng.  Chem.,  Anal.  Ed.,  8,  224  (19361 

”  Bmun  and  Faulconer.  Ind.  Eng.  Chem..  Anal.  Ed.,  9,  192  (1937). 
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the  presence  of  water  will  be  detected  in  a  supposedly  “dry”  still-pot 
charge.  The  water  distils  as  an  azeotrope,  and  usually  the  azeotrope  is 
heterogeneous  and  is  the  lowest  boiling  constituent.  Thus  when  the 
column  is  being  brought  to  equilibrium,  water  condenses  in  the  fractionat¬ 
ing  section.  The  presence  of  two  liquid  phases  in  the  fractionating  section 
usually  makes  column  operation  very  difficult.  The  Bruun  column  is  an 
exception  in  this  respect.  The  main  disadvantage  of  this  column  is  the 
exceptionally  high  pressure  drop.  Tests  in  the  authors’  laboratory  of  a 
50-section  column  of  the  type  described  in  Figure  19  and  Table  XX  indi¬ 
cate  a  pressure  drop  of  0.7  to  2.0  mm.  mercury  per  theoretical  plate  at  the 
minimum  and  maximum  throughputs,  respectively.  The  high  pressure 
drop  makes  the  column  unsuitable  for  many  vacuum  fractionations. 

The  Bruun  column  is  difficult  to  construct  but  is  available  from  several 
glass  fabricators,  who  manufacture  this  column  as  a  stock  item.*  Despite 
its  appearance  of  fragility,  a  properly  manufactured,  installed,  and  oper¬ 
ated  Bruun  column  is  as  rugged  as  most  types  of  glass  equipment  and  has  a 
long  life.  Vacuum-jacketed  columns  of  the  same  type  are  also  available.9* 

Perforated-Plate  Columns.  Perforated-plate  columns  have  been  used 
'or  laboratory  distillations  since  1871. 94  The  early  columns  generally 
employed  metal  gauze  or  screen  for  the  plates  and  glass  for  the  retaining 
tube  and  down  pipes.  The  published  data  on  these  older  columns  do  not 
permit  a  reliable  evaluation  of  their  rectification  characteiistics,  but  the 
designs  indicate  H.E.T.P.  values  in  the  order  of  several  centimeters  and 
large  holdups.  Readers  interested  in  the  earlier  designs  are  referred  to  the 
original  articles.95-98  Several  of  the  designs  are  discussed  by  Young.89 

A  well-designed  all-glass  perforated-plate  column  was  developed  by 
Oldershaw."  The  column  consists  of  a  series  of  perforated  glass  plates 
sealed  into  a  tube.  Each  plate  is  equipped  with  a  baffle  to  direct  the  flow 
of  reflux,  a  weir  to  maintain  a  definite  liquid  level  on  the  plate,  and  a  down 
pipe  to  supply  reflux  to  the  next  lower  plate.  The  details  of  the  plate  con¬ 
struction  and  an  assembly  drawing  of  the  column  are  shown  in  Figure  20. 

Efficiency  measurements  made  on  an  improved  Oldershaw  column  (using 
80  holes,  0.89  mm.  in  diameter  per  plate  instead  of  the  42  used  n  the  origina 


*  Ace  Glass  Company,  Vineland,  New  Jersey.  Otto  R.  Greiner  Company,  Newark. 
New  Jersey.  Scientific  Glass  Apparatus  Company  Bloomfield  New  Jersey. 

93  Bruun  and  West,  Ind.  Eng.  Chem.,  Anal.  Ed.,  9,  24/  (1J37). 

94  Linnemann,  Ann.,  160,  195  (1871).  . 

95  Young,  S.,  and  Thomas,  Chem.  News,  71,  177  (18J5). 

96  Glinsky,  Ann.,  175,  381  (18/5). 

97  Du  Pont,  Chimie  A  Industrie,  8,  549  (B* 

98  Palkin,  lnd.  Eng.  Chem.,  Anal  Ed  ,  3,  377  (19  )■ 

99  Oldershaw,  Ind.  Eng.  Chem.,  Anal.  Ed.,  13,  265  (1941). 
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column)100  are  shown  in  Table  XXI.  It  will  be  noticed  that  the  column 
has  a  large  throughput  and  the  H.E.T.P.  is  nearly  independent  of  through¬ 
put.  Furthermore,  the  30-plate  column  requires  only  about  0.5  to  1.5 
hours  to  reach  equilibrium.  These  facts  indicate  that  the  column  is  easy 
to  operate  and  very  useful  in  cases  where  the  total  distillation  time  is  an 
important  factor,  as  in  the  purification  of  large  batches  of  material.  The 
all-glass  construction  permits  the  fractionation  of  corrosive  materials. 


HEIGHT  OF 
BAFFLE  =  IOMM. 


PLATE  SPACING 
=  25  MM. 


(a) 

Fig.  20.  Oldershaw  perforated-plate  column: 


HOLES  IN  PLATE 
0.65  MM.  I  D. 

SLOT  WIDTH  4MM. 


SEAL  PLATE 


5  - \M - 1 


12  MM.O  D.  TUBE 
ENLARGED  TO 
PERMIT  FREE  . 
FLOW  OF  VAPOR  / 
AND  LIQUID 


4  HOLES 
6MM. 


(b) 

(a)  column;  (b)  plate  construction.93-100 


I  he  Oldershaw  column  has  a  plate  efficiency  of  60-65%,  which  is  slightly 
lcmei  than  that  of  the  Bruun  column  and  uses  a  2.5-cm.  spacing  between 

ffieH  ET  Pref  thV“nid  °  r  f0,i  *he  Bmun  column'  As  a  consequence, 
e  H.E.T.P.  of  the  Oldershaw  column  is  somewhat  higher  than  that  of  the 

Of  «onmannd  ^Tp^ThtlaTe'  4" 

when  friUedT  iT^  ^  deCreasing  the  **><*' thepeXa- 
'  g  dSS  plates  are  used  *  extremely  high  plate  efficiencies 

100  Collins  and  Lantz,  Ind.  Eng.  Chem.,  Anal.  Ed.,  18,  673  (1946). 
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TABLE  XXI 

Rectification  Characteristics  of  Oldershaw  Perforated-Plate  Column0 


Throughput 
liquid, 
ml. /min. 

Total  no. 
theor. 
plates* 

H.E.T.P., 

cm. 

Pressure 
drop, 
mm.  Hg/ 
theor. 
plate 

Liquid 
holdup, 
ml. /theor. 
plate 

Efficiency 

factor, 

plates/hr. 

25 

17.2 

4.4 

— 

2.7 

550 

42 

18.8 

4.0 

0.98 

2.7 

930 

50 

19.4 

3.9 

0.98 

2.7 

1100 

58 

18.2 

4.1 

1.11 

3.0 

1150 

67 

16.7 

4.5 

1.29 

3.5 

1140 

80-85 

Flood  point 

°  2.6  to  2.8  cm.  diameter;  30  actual  plates;  80  0.89-mm.  diameter  holes  per  plate; 
2.5-cm.  spacing  between  plates. 

k  Determined  with  n-heptane-methylcyclohexane  test  mixture. 


TABLE  XXII 


Oldershaw  Perforated-Plate  Column  Pressure  Drop  with  Liquids 
of  Various  Surface  Tensions 


Throughput  liquid, 
ml./hr. 

Pressure  drop  per  aotual  plate,  mm.  Hg 

n-Heptane 

Methylcyclo- 

hexane 

Benzene 

Formic 

acid 

200 

— 

— 

— 

0.88 

400 

- — 

— 

— 

0.95 

600 

— 

— 

— 

1.02 

800 

— 

— 

— 

1.09 

1000 

— 

— 

0.76 

1.18 

1125 

— 

— 

— 

1.23° 

1500 

0.50 

0.62 

0.82 

— 

2000 

0.53 

0.63 

0.84 

— 

2500 

0.55 

0.65 

0.87 

— 

3000 

0.57 

0.67 

0.91 

— 

3500 

0.60 

0.71 

1.00 

— 

4000 

0.64 

0.77 

1.11 

— 

4280 

— 

— 

1.17° 

— 

4500 

0.70 

0.85 

— 

— 

5000 

0.77 

0.93 

— 

— 

5230 

0.80° 

0.97° 

— 

— 

PHYSICAL  CONSTANTS 


Boiling  pt.,  °C . 

98.4 

100.8 

80.1 

100.8 

Density,  g./ml. 

at  20  °C . 

at  b.p . 

0.6837 

0.6180 

0.7601 

0.6989 

0.8790 

0.8153 

1.220 

1.170 

Surface  tension  dynes/cm. 
at  20  °C  . 

20.26 

23.73 

29.02 

37.6 

at  b.p . 

12.5 

15.7 

21.3 

29.0 

°  Flood  point  with  given  liquid. 
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can  be  obtained101;  increasing  the  weir  height  also  increases  the  plate  ef¬ 
ficiency.102  It  should  be  possible  to  reduce  the  plate  spacing  of  the  Older- 
shaw  column  to  give  a  lower  H.E.T.P.,  but  this  change  would  cause  in¬ 
creased  operating  difficulties,  lower  throughput,  and  higher  holdup  and 
pressure  drop. 

Owing  to  the  capillarity  of  the  holes  in  the  plate,  the  throughput  and 
pressure  drop  of  the  Oldershaw  column  are  dependent  upon  the  surface 
tension  of  the  material  being  distilled.  This  has  been  illustrated  (Table 
XXII)  by  pressure- drop  measurements  of  the  column  at  various  through¬ 
puts  using  several  compounds  of  different  surface  tension  as  the  distil- 
land.100  The  data  of  Table  XXII  indicate  the  column  is  not  suitable 
for  the  fractionation  of  materials  of  high  surface  tension ;  small  amounts  of 
undissolved  water  in  the  reflux  are  very  troublesome  and  may  cause  the 
column  to  become  inoperable.  In  this  respect  the  Bruun  column  is  de¬ 
cidedly  superior  to  the  Oldershaw  column.  The  high  pressure  drop  of  the 
Oldershaw  column  makes  it  unsuitable  for  many  types  of  reduced-pressure 
operations.  The  30-section  column  is  not  recommended  for  head  pressures 
much  below  250  millimeters. 100  The  Oldershaw  column  has  a  high  dynamic 
holdup  (Table  XXI).  However,  insofar  as  sharpness  of  separation  is  con¬ 
cerned,  the  extremely  high  throughput  tends  to  offset  the  holdup  and  en¬ 
ables  fairly  sharp  separations  to  be  made.  This  same  effect  also  results  in 
a  good  efficiency-factor  rating  for  the  column.  As  a  consequence,  the 
Oldershaw  column  is  satisfactory  for  analytical  fractionations  provided  the 
av  ailable  quantity  ol  still-pot  charge  is  not  limited.  The  column  is  self¬ 
draining  and  tests  with  n-heptane  indicate  a  static  holdup  of  about  0.02 
ml.  per  actual  plate.100 


Instructions  for  the  construction  of  the  Oldershaw  column  are  available" ; 

however,  the  construction  is  quite  difficult  and  requires  the  services  of  a 

skilled  glass  blower  and  special  tools.  The  columns  are  available  commer- 

ctally.  A  simplified  version  of  the  Oldershaw  column  has  been  described 

in  which  the  plates  are  supported  by  spacers  rather  than  sealed  into  the 

column  tube.1®2  However,  the  difficult  construction  of  the  perforated 
plate  remams.f 

In  many  laboratory'  distillations  the  presence  of  metal  in  the  Oldershaw 
type  Of  column  is  not  harmful.  In  such  cases  an  all-metal  perforated  plate 
o  eis  distinct  advantages  irom  the  standpoint  of  construction;  the  per- 


«*» 

t  Plate  sections  can  be  purchased  from  G  Frederick  qm;ih  rn  •  ,  r, 
lurnbus,  Ohio.  ^reuenck  bmith  Chemical  Company,  Co¬ 

lli  ?Ch,ClfanZ'  J_ReS'earch  Natl.  Bur.  Standards,  12,  259  (1934) 
angdon  and  Tobin,  Ind.  Eng.  Chem.,  Anal.  Ed.,  17,  801  (1945). 
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forated  plates,  for  example,  can  be  stamped  from  metal  screen.  Further¬ 
more,  metal  perforated-plate  columns  can  be  designed  with  rectification 
characteiistics  closely  approaching  those  of  the  all-glass  Oldershaw  column. 
Such  a  column  along  with  complete  constructional  details  has  been  de¬ 
scribed.103 


C.  RECTIFYING  SECTIONS  EMPLOYING  MOVING  PARTS 

Recently  several  investigators  have  advocated  the  use  of  mechanical 
agitation  in  the  rectifying  section  to  improve  the  rectification  characteris¬ 
tics.  All  the  columns  possessing  moving  parts  which  have  been  described 
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Fig.  21.  Podbielniak  centrifugal  Superfractionator. 


105 


are  adaptations  of  wetted-surface  columns  and  with  minor  modifications 
most  of  them  will  function  as  such  when  the  moving  parts  are  at  rest ;  con¬ 
sequently,  they  are  described  in  this  section. 

The  first  fractionating  unit  of  this  type  was  described  in  1935. 104  Al¬ 
though  this  apparatus  has  found  its  chief  use  in  larger-scale  operations 
than  are  customarily  carried  out  in  the  laboratory,  it  seems  worthwhile  to 
describe  briefly  the  apparatus  and  its  operation.  A  spiral  (Fig.  21)  fabri¬ 
cated  from  a  thin  strip  of  metal  retained  between  two  spirally  grooved  enc 

Griswold,  Morris,  and  Van  Berg,  hid.  Eng.  Chem.,  36,  1119  (1944). 

104  Podbielniak,  Am.  Chem.  Soc.  Meeting,  New  \ork,  1935. 
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plates  constitutes  the  rotating  part  of  the  apparatus.  The  reflux  is  intro¬ 
duced  in  the  center  of  the  spiral,  and  because  of  the  centrifugal  force  gener¬ 
ated  by  the  rotation,  the  reflux  liquid  flows  in  a  thin  film  along  the  outer 
wall  of  the  spiral  passageway  and  outward  from  the  axis  of  rotation.  After 
leaving  the  spiral  the  reflux  is  collected  and  returned  to  the  still  pot.  Owing 
to  the  pressure  difference  between  the  still  pot  and  the  condenser,  the  vapor 
traverses  the  spiral  in  an  inward  direction  countercurrent  to  the  reflux 
stream.  Vapor-liquid  interaction  occurs  at  the  interface.  With  this  ap¬ 
paratus,  exceptionally  high  throughputs  can  be  obtained  along  with  com¬ 
plete  absence  of  entrainment.  A  y8-in.  spiral  passageway  4  in.  wide  has  a 
throughput  as  high  as  200  ml.  per  minute  when  rotating  at  1200  r.p.m.  A 
160-ft.  long  spiral  passageway  of  these  dimensions  is  reported  to  have  an 
efficiency  of  80  plates,  a  holdup  of  500  ml.,  and  a  pressure  drop  of  10  to  20 
mm.  mercury.105 

Fractionating  sections  consisting  of  a  succession  of  alternate  rotating 
and  stationary  inverted  metal  cones  (Fig.  22)  have  been  used.106-107  Reflux 
liquid  from  the  condenser  flows  down  the  uppermost  stationary  cone  by 
gravity  and  drops  to  the  top  rotating  cone  where  centrifugal  action  runs  it 
up  over  the  cone  surface  and  throws  it  off  to  the  next  stationary  cone. 
The  vapor  flows  through  the  spaces  between  the  fixed  and  stationary  cones. 
Inspection  of  Figure  22  shows  that  the  amount  of  wetted  surface  available 
in  a  given  column  height  can  be  greatly  increased  by  using  this  type  of  con¬ 
struction. 

The  Mair- Willingham  all-metal  rotating-cone  column107  employed  a  56- 
cm.  long  fractionating  section.  The  stationary  cones  had  an  outside  di¬ 
ameter  of  5.08  cm.  and  a  2.54-cm.  diameter  center  hole.  The  rotating 
cones  had  an  outside  diameter  of  3.33  cm.  and  were  mounted  on  a  0.95-cm 
diameter  shaft.  The  cones  had  base  angles  of  30°  and  were  spaced  0  64 
cm.  apart  to  give  a  clearance  of  0.32  centimeter.  Experimental  data  on  the 
Mair-W iflingham  column  are  given  in  Table  XXIII ;  the  speed  of  rotation 
nad  no  effect  on  the  rectification  efficiency. 

The  throughput  of  the  Mair-Willingham  column  is  fairly  high  for  a  wet- 

te™  colui™’  and  the  rectification  efficiency  is  almost  independent 
of  throughput.  On  the  other  hand,  the  holdup  is  much  higher  than  in  many 
°  her  types  of  wetted-surface  columns  and  results  in  a  low  efficiency  factor 
The  construction  of  the  parts  and  the  assembly  of  the  rotating-tube 

m  ^mn  require  a  conquerable  amount  of  precision  work.  The  cones  are 
made  either  with  a  die  or  by  spinning.  The  rotating  shaft  must  be  accu- 

Z  H  fffUlar  N°^  It’  Podbielniak>  Incorporated,  Chicago,  Illinois  1937 

4,i  s3, (1936);  *  <*».  ®  oS,’; Pegram>  Urey'  “d 

Mair  and  Willingham,  J.  Research  Nall.  Bur.  Standards,  22,  519  (1939). 
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| - 102 - — | 

Fig.  22.  Rotating-cone  distilling  column  (all  dimensions  are  in  millimeters).107 


A,  shaft  extending  through  condenser  B  1 
C,  inner  seal  so  that  liquid  returning  from 
condenser  to  column  first  flows 
through  glass  sampling  tube  D 

E,  Jliquid  level 

F,  stopcock 


G,  cylinder  of  fractionating  column 

I,  short  section  of  experimental  column 
with  baskets 

J,  rotating  members  (baskets,  plates,  or 
cones) 

L,  manometer 

M,  O,  cones 
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TABLE  XXIII 

Rectification  Characteristics  of  Rotating-Cone  Column 


Pressure 

Throughput  drop, 

Rotation,  liquid,  mm.  Hg/theor. 

r.p.in.  ml. /min.  plate 


H.E.T.P. 

cm.° 


Liquid 
holdup, 
ml. /plate 


Efficiency 

factor, 

plates/hr. 


1500 

1.8 

0.018 

0.87 

1.07 

100 

1500 

4.7 

0.022 

0.95 

1.35 

210 

1500 

6.3 

0.026 

1.12 

1.63 

230 

1500 

7.0 

0.030 

1.04 

1.57 

270 

1500 

9.4 

0.034 

1.13 

1.73 

330 

500 

2.8 

0.021 

1.09 

1.48 

110 

500 

4.8 

0.019 

0.93 

1.33 

220 

500 

5.2 

0.021 

0.94 

1.36 

230 

500 

6.7 

0.027 

1.02 

1.50 

270 

500 

8.5 

0  032 

1.13 

1.70 

300 

250 

1.0 

0  012 

1.06 

250 

3.7 

0.017 

1.16 

250 

5.6 

0  020 

1.23 

a  Determined  with  n-heptane-methylcyclohexane  test  mixture. 

TABLE 

XXIV 

Rectification  Characteristics  of  Spinning-Band  Columns 

Throughput 
liquid, 
ml. /min. 

Speed, 

r.p.m. 

H.E.T.P., 

cm. 

Pressure 
drop,  mm. 
Hg/theor. 
plate 

Liquid 
holdup, 
ml. /plate 

Efficiency 

factor, 

plates/hr. 

37.5-cm.  long,  0.6- 

■cm.  diameter  tube,  0.4-cm. 

wide  spinning  band 

no 

2“ 

0 

5 . 7b 

_ 

2° 

1000 

2 . 5b 

_ 

4“ 

1000 

3.86 

— 

— 

— 

37.5-cm.  long,  0.6- 

■cm.  diameter  tube,  0.4-cm. 

wide  spinning  band 

109 

— 

1000 

2.5 

— 

0.013 

_ 

75-cm. 

long,  0.6-cm.  diameter  tube,  0.32-cm. 

wide  spinning  band108 

— 

1500 

3 .  1* 

— 

0.021 

-• 

550-cm. 

long,  0.67- 

-cm.  diameter  tube,  0.6-cm. 

wide  spinning  band 

in 

2.7 

5.0 

980 

980 

7 .  5d 

11.3d 

0.01* 

0.10 

0.15 

1600 

2000 

91-em. 

long,  3.6-em.  diameter  tube.  3.2-cm.  wide  spinning  band”* 

4.3 

4.3 

0 

200 

45. 0d 

5.5d 

0  002* 

— 

— 

*  Estimated  from  observed  throughputs  of  1  <inH  9  7~ 
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rately  spaced  and  centered,  and  for  best  operation  should  be  mounted 
earings.  Huffman,  Urey,  and  Pegram106  give  complete  directions  for  the 
construction  and  assembly  of  a  rotating-cone  column. 

Mail  and  Willingham107  also  investigated  columns  with  stationary  cones 

and  with  rotating  baskets  and  rotating  flat 
plates.  Both  of  these  modifications  gave  higher 
H.E.T.P.  values  than  the  rotating  cones. 

One  of  the  most  widely  used  types  of  labora¬ 
tory  columns  employing  rotating  parts  is  the 
spinning-banc!  column.108-112  The  fractionat¬ 
ing  section  of  a  spinning-band  column  (Fig.  23) 
consists  of  a  straight,  vertical  tube  in  which  a 
thin  metal  strip,  whose  width  is  only  slightly 
less  than  the  diameter  of  the  tube,  rotates  at 
fairly  high  speeds,  usually  about  1000  r.p.m. 

The  available  data  on  the  rectification  char¬ 
acteristics  of  spinning-banc!  columns  (Table 
XXIV)  show  that  this  construction  retains  the 
low  holdup  and  low  pressure-drop  charac¬ 
teristics  of  empty-tube  columns,  but  at  com¬ 
parable  rectification  efficiences  the  throughput 
of  the  spinning-band  column  is  about  fivefold 
greater  than  for  an  empty-tube  column  of 
equivalent  diameter.  The  greater  efficiency  of 
the  spinning  band  column  compared  to  that 
of  an  open-tube  column  is  clue  to  the  larger 
diffusion  coefficient  of  the  vapor  which  results 
from  the  turbulence  created  by  the  rotation  of 
the  band.  See  Chapter  I,  Section  IV-5. 

Most  investigators  using  tubes  of  about  0.6- 
cm.  diameter  prefer  a  rotor  speed  of  about  1000 
r.p.m.109-111;  Bjorkman  and  Olavi108  claim 
that  a  speed  of  1500  r.p.m.  provides  the  best 
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Fig.  23.  Spinning-band  recti¬ 
fying  column. 


operation  and  that  a  reduction  of  efficiency  is  observed  at  speeds  below 
1000  r.p.m.  Baker,  Barkenbus,  and  Roswell111  found  no  change  in  ef¬ 
ficiency  when  the  speed  was  increased  from  980  to  1900  r.p.m.  Birch, 
Gripp,  and  Nathan112  used  a  much  larger  diameter  (3.6  cm.)  tube  and 


108  Bjorkman  and  Olavi,  Svensk  Kern.  1  id.,  6,  145  (1946). 

109  Kock,  Hilberath,  and  Weinrotter,  Chem.  Fabrik,  14,  387  (1941). 

110  Lesesne  and  Lochte,  Ind.  Eng.  Chem.,  Anal.  Ed.,  10,  450  (1938). 

111  Baker,  R.  H.,  Barkenbus,  and  Roswell,  Ind.  Eng.  Chem.,  Anal.  Ed., 
lit  Birch,  Gripp,  and  Nathan,  J.  Soc.  Chem.  Ind.,  London,  66,  33  (1947). 


12,  468  (1940). 
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observed  a  peak  efficiency  at  about  200  r.p.m.  However,  the  peripheral 
speed  of  the  bands  for  optimum  efficiency  in  the  0.6-cm.  and  3.6-cm. 
diameter  columns  was  about  the  same. 

Spinning-band  columns  appear  to  be  particularly  well  adapted  to  vacuum 
operation.  The  0.6-cm.  diameter,  18-ft.  long  column  of  Baker,  Barkenbus, 
and  Roswell111  had  a  pressure  drop  of  only  0.7  mm.  mercury  when  operating 
at  a  head  pressure  of  1  mm.  mercury.  The  Birch,  Gripp,  and  Nathan 
column112  designed  for  vacuum  operation  had  a  total  pressure  drop  of  only 
0.04  mm.  mercury  and  a  throughput  of  more  than  300  ml.  per  hour  when 
operating  at  pressures  below  2.5  mm.  mercury.  Bjorkman  and  Olavi108 
found  that  the  rectification  efficiency  of  their  spinning-band  column  was 
constant  over  the  pressure  range  9  to  700  mm.  mercury. 

The  construction  of  the  spinning-band  column  is  simpler  than  that  of 
other  types  of  rotating  columns.  At  the  top  of  the  fractionating  section 
the  band  is  fastened  to  a  heavy  wire  which  extends  through  the  condenser 
section  and  connects  to  the  stirring  device  (Fig.  23).  The  band  is  so  light 
that  only  an  upper  bearing  is  required,  and  the  lower  end  of  the  band  is  free. 
In  the  550-cm.  (18  ft.)  long  fractionating  section  of  Baker,  Barkenbus, 
and  Roswell,111  the  spinning  band  was  composed  of  a  number  of  short 
lengths  connected  with  wire  links.  Birch,  Gripp,  and  Nathan112  twisted 
the  band  through  360°  on  its  long  center  axis  to  provide  smoother  rotation. 
They  also  demonstrated  that,  when  the  twisted  band  was  rotated  in  a  direc¬ 
tion  to  assist  the  flow  of  vapor,  the  pressure  drop  was  reduced.  These  inves¬ 


tigators  introduced  the  further  modification  of  connecting  a  still-pot  stirrer 
to  the  spinning  band.  The  stirrer  aided  still-pot  vaporization  and  allowed 
smooth,  bump-free  operation  during  reduced-pressure  operation. 

The  data  on  spinning-band  columns  are  rather  sparse,  and  the  knowledge 
of  the  effect  of  column  diameter,  clearance  between  the  band  and  the  tube, 
and  speed  of  rotation  are  incomplete.  When  such  information  is  de¬ 
veloped,  it  is  believed  that  it  will  be  possible  to  effect  marked  improvement 
in  the  efficiency.  However,  even  in  their  present  state  of  development 
spinning-band  columns  are  one  of  the  most  useful  types  of  laboratory  col¬ 
The  recently  described  rotating  concentric-tube  column113  combines  the 
ow  holdup  low  pressure  drop,  and  high  rectification  efficiency  characteris¬ 
tics  of  film-type  columns  with  the  high  throughput  characteristics  of  plate 
or  pac  ed  columns.  In  this  type  of  rectifying  section,  vapor-liquid  con- 
tactmg  takes  place  in  the  annular  space  formed  by  a  stationary  outer  tube 

vanor  nh  S  T™'™  mner  tube'  At  sufficient  speeds  of ‘rotation  the 
apoi  phase  is  thrown  into  turbulence,  which  increases  the  diffusion  coef- 


113 


Willingham,  Sedlak,  Westhaver,  and  Rossini,  Ind.  Eng.  Chem.,  39,  706  (1947). 
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cient ,  and  in  accordance  with  theory,  allows  the  vapor  velocity  or  through¬ 
put  to  be  increased  without  decreasing  the  rectification  efficiency. 

The  column  studied  at  the  National  Bureau  of  Standards113  used  a  7.658- 
cm.  I.D.  stationary  tube  and  a  7.440-cm.  O.D.  rotating  tube.  The  annular 
space  was  0.109  cm.  wide  and  the  rectifying  section  was  58.4  cm.  long. 
The  column  assembly  is  shown  in  Figure  24. 


B6 

^-B7 


Fig.  24.  Rotating  con¬ 
centric-tube  distilling  col¬ 
umn.113 


(A)  Motor  assembly.  (Al)  Electric  motor,  110  v.  a.c., 
3450  r.p.m.  (A2,A3)  Pulleys,  A-section  V-belts  (3,  4, 
and  5-in.  diam.  pulleys  used  in  different  combinations  to 
vary  speed  of  rotor  C2).  (A4)  Shaft  for  driving  rotor. 

(A5)  Ball-bearing  assembly  of  shaft  A4.  (B)  Head  as¬ 
sembly,  Pyrex.  (Bl)  Opening  for  shaft  A4  (also  outlet 
to  atmosphere  pressure  for  column).  (B2)  Head  con¬ 
denser,  water-jacketed.  (B3)  Tungsten  rod  (No.  12 
AWG),  control  for  valve  B7.  (B4)  Neoprene  stopper. 

(B5)  Side  condenser,  water- jacketed.  (B6)  Glass  rod  to 
direct  flow  of  liquid  reflux  onto  valve.  (B7)  Glass  valve 
for  sampling  liquid  reflux  in  head.  (B8)  Outlet  for  head 
sample.  (B9)  Thermal  insulation,  asbestos  wool.  (BIO) 
Aluminum  foil.  (Bll)  Thermometer  well,  Al  (soldered 
to  Al  plate  fitted  to  glass  well  of  head).  (B12)  Nichrome 
heater  unit  for  head.  (B13)  Metal  flange  (standard  type 
connector  for  3-in.  Pyrex  pipe).  (C)  Rectifying  section, 
steel.  (Cl)  Retainer  for  ball  bearing  at  top  of  cylindrical 
rotor  (openings  for  passage  of  liquid  reflux  and  vapor  to 
and  from  column  are  shown).  (C2)  Cylindrical  rotor, 
closed  end,  smooth  surface,  2.928-in.  O.D.  (C3)  Annular 
space,  2.928-in.  I.D.,  3.015-in.  O.D.,  and  23-in.  long.  (C4) 
Wall  of  rectifying  section,  3.015-in.  I.D.  (C5)  Asbestos 
paper  (0.25-in.  thick).  (C6)  Heating  jacket,  metal  with 
asbestos  covering.  (C7)  Nichrome  heating  elements,  3 
separate  units,  one  each  for  top,  middle,  and  bottom  por¬ 
tions  of  jacket.  (C8)  Thermal  insulation  (85%  mag¬ 
nesia).  (C9)  Al  foil.  (CIO)  Retainer  for  ball  bearing  at 
base  of  rotor  (similar  to  Cl).  (D)  Pot,  Pyrex.  (Dl) 
Manometer,  butyl  Carbitol.  (D2)  Tube  for  withdrawing 
sample  of  material  from  pot.  (D3)  Metal  flange  (standard 
connector  for  3-in.  Pyrex  pipe).  (D4)  Wall  of  pot.  (D5) 
Pot  heater,  Glas-Col  special  sleeve  type.  (D6)  Thermal 
insulation  (85%  magnesia).  (D7)  Al  foil.  (T)  Thermo¬ 
elements,  copper-constantan.  (Tl)  Thermoelement  used 
to  determine  difference  between  temperature  ot  top  por¬ 
tion  of  rectifying  section  and  liquid-vapor  equilibrium  in 
head.  (T2)  Thermoelement,  to  determine  difference  be¬ 
tween  temperature  of  middle  portion  of  rectifying  section 
and  mean  temperature  of  top  and  bottom  sections  of  recti¬ 
fying  section.  (T3)  Thermoelement,  to  determine  differ¬ 
ence  between  temperature  of  bottom  of  rectifying  section 
and  temperature  of  liquid  in  pot. 


Operating  at  4000  r.p.m.  and  the  very  high  throughput  of  50  ml.  of 
liquid  per  minute,  this  column  had  an  H.E.T.F.  of  1.01  cm.,  0.40  ml. 
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holdup  per  theoretical  plate,  and  a  pressure  drop  of  0.032  mm.  mercury 
per  theoretical  plate.  Under  these  operating  conditions  the  efficiency 
factor  was  10,600  plates  per  hour,  which  is  considerably  higher  than  the 
efficiency  factor  of  any  other  type  of  laboratory  column.  The  effects  of 
throughput  and  speed  of  rotation  on  the  pressure  drop  and  rectification 
efficiency  of  the  rotating  concentric-tube  column  were  thoroughly  investi¬ 
gated  at  the  National  Bureau  of  Standards.  The  data  given  in  Figures 
25-27  show  that  the  pressure  drop  increases  with  increasing  throughput, 


Fig.  25.  Pressure  drop  vs.  throughput  for  rotating  concentric-tube  column  at 

several  speeds  of  rotation.113 


and  at  a  given  throughput  increases  with  the  speed  of  rotation  The 
number  of  theoretical  plates  decreases  as  the  throughput  is  increased  At 

a  g,ve„  throughput  the  number  of  plates  increases  as  the  pid  of  rotation 
IS  increased.  The  curves  of  Figure  27  show  that  fb  ~  .  0n 

increases  markedly  when  the 

Th,s  is  the  speed  at  which  the  vapor  flow  becomes  turbutt  Pm' 

und^^i^t“^rntc,,e  ctmn  was  not  determined 

the  holdups  were  calculated  for  a  nrnn 
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values  are  given  in  Table  XXV.  The  efficiency  factor  of  the  column  under 
various  operating  conditions  is  given  in  Figure  28. 
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Fig.  26.  Theoretical  plates  vs.  throughput  for  rotating  concentric-tube  column  at 

several  speeds  of  rotation.113 
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Fig.  28.  Efficiency  factor  vs.  speed  of  rotation  for  rotating  concentric-tube  column 

at  several  values  of  throughput.113 


TABLE  XXV 

Calculated  Values  of  Holdup  of  Rotating  Concentric-Tube  Column 


roughput, 

liquid/hr. 

Holdup, 

liquid/meter  length, 
ml. 

Liquid  holdup, 
ml./theor.  plate® 

1000 

12.6 

0.10 

1500 

14.5 

0.14 

2000 

15.9 

0.19 

2500 

17.2 

0.24 

3000 

18.2 

0.29 

3500 

19.2 

0.36 

4000 

20.1 

0.40 

‘  Holdup  assumed  “dependent  of  the  speed  of  rotation.  Rotor  speed  4000  r.p.m. 

2.  Construction  of  Columns 


A.  COLUMN  TUBES 

bore  CkThoC<|IUmr  “I  !Tally  constructed  of  a  straight  tube  of  uniform 
and  h  -I  ,8  '  a',"  dlameter  are  chosen  to  give  a  prescribed  efficiency 
and  boil-up  rate  with  a  given  type  of  packing.  A  packed  section  of  „„f 

if  the  fatter  are  of  wid^bdfing  range 
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major  length  of  the  packed  section.  For  example,  3/i6-in.  helices  may  be 
used  in  the  lower  section  and  3/32  in.  in  the  main  section.  To  avoid  use  of 
two  sizes  of  packing,  the  lowrer  end  of  the  tube  for  a  distance  of  2-6  in. 
may  be  enlarged  to  have  a  cross-sectional  area  approximately  twTice  that 
ot  the  main  section.  (A  2.1-cm.  I.D.  tube  has  nearly  twice  the  cross-sec¬ 
tional  area  of  a  1.5-cm.  tube,  for  example.)  Vapor  of  wide  boiling  range 
entering  the  bottom  of  the  column  is  rapidly  fractionated  into  a  higher¬ 
boiling  reflux  and  a  nariw-boiling  vapor,  w^hich  proceeds  to  the  upper 
rectifying  zone.  The  higher-boiling  reflux  would  tend  to  overload  and  flood 
the  lower  end  of  the  column  if  the  packing  and  cross-sectional  area  were 
uniform,  wdiereas  writh  the  coarser  packing  on  the  enlarged  section  at  the 
bottom,  the  vapor  and  liquid  capacity  is  greater  and  flooding  is  prevented. 
Figure  12  shows  a  design  incorporating  an  enlarged  section  at  the  bottom 
and  in  addition  two  vapor  disengaging  zones  at  the  top  of  the  column  to 
prevent  flooding  at  the  top. 


B.  PACKING  SUPPORTS 


Proper  support  for  the  packing  is  of  utmost  importance  to  ensure  that 
the  supporting  mechanism  will  not  be  a  limiting  factor  in  the  column  capac¬ 
ity,  and  will  not  allow  the  packing  to  drop  into  the  still  pot.  For  metal 
packing,  a  corrosion-resistant  cone  of  screen  provides  a  satisfactory  sup¬ 
port.  The  mesh  of  the  cone  should  be  such  that  the  greatest  dimension  of 
any  mesh  is  slightly  less  than  the  diameter  of  a  particle  of  packing.  An¬ 
other  type  of  support  consists  of  a  cylinder  of  wire  screen,  closed  at  one  end 
by  a  cone  or  spherical  section  of  the  same  vrire  screen.  Either  the  cone  or 
cylindrical  type  provides  an  area  for  liquid  and  vapor  flow  that  is  greater 
in  area  than  the  cross-sectional  area  of  the  column,  providing  the  column 


is  enlarged  in  the  region  where  the  cone  or  cylinder  is  to  be  located.  A 
slight  but  sharp  constriction  in  the  column  wall  will  provide  adequate  sup¬ 
port  without  offering  significant  impedance  to  vapor  flow.  If  a  section  of 
coarse  packing  is  used  at  the  bottom  of  the  column,  a  second  cone  may  be 
set  on  top  of  the  coarse  packing  to  act  as  a  secondary  support  for  the  finer 
packing  of  the  main  part  of  the  rectifying  section. 

Noncorrosive  packing  (glass  helices,  etc.)  may  be  supported  on  a  cone  of 
platinum  screen  (poisoned  with  hydrogen  sulfide  or  otherwise  to  eliminate 
catalytic  activity)  in  the  same  way  as  metal  packing.  The  relatively  ex¬ 
pensive  platinum  cone  may  be  eliminated  by  using  an  enlarged  section  at 
the  bottom  of  the  column  in  which  a  glass  cross  is  sealed.  A  shallow  layer 
of  coarse  glass  spirals  rests  on  the  cross.  Progressively  smaller  diameter 
spirals  are  then  dropped  into  the  column  until  a  layer  deep  enough  to  hold 
the  finer  main  packing  has  been  formed.  The  coarser  spirals  tend  to  break 
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up  on  heating  and  cooling  which  may  eventually  necessitate  repacking  of 
the  column. 

In  the  usual  preflooding  operation,  column  packing  is  subjected  to  forces 
which  tend  to  loosen  the  packing,  particularly  small  particles  near  the  top 
of  the  packed  section.  To  minimize  this  action  of  preflooding  and  prevent 
packing  particles  from  being  carried  into  the  condenser  section,  a  tight  roll 
of  wire  screen  ma3r  be  constructed  from  a  strip  1  in.  wide  and  of  sufficient 
length  to  make  the  resulting  roll  fit  fairly  tightly  in  the  top  of  the  column 
against  the  packing.  Another  method  consists  in  placing  a  circular  disc 
of  wire  screen,  having  a  diameter  equal  to  the  inside  diameter  of  the  column, 
on  top  of  the  packing,  and  forcing  several  broken  circles  of  wire  down 
against  the  screen.  The  diameter  and  circumference  of  the  broken  circles 
should  be  such  as  to  allow  them  to  make  a  spring  fit  against  the  inner  walls 
of  the  column.  Glass  spirals  and  other  inert  packing  may  be  held  in  place 
by  a  layer  of  progressively  coarser  spirals  placed  in  an  enlarged  section  of 
the  column  above  the  packed  section. 

C.  PACKING  PROCEDURE 

Packings,  such  as  balls,  Raschig  rings,  Berl  saddles,  etc.,  which  have  no 
tendency  to  form  clusters  or  groups  by  intertwining  will  pack  properly  if 
the  individual  particles  are  dropped  into  the  column  singly  or  a  few  at  a 
time.  Single  and  multiple-turn  helices,  on  the  other  hand,  form  large  clus¬ 
ters  by  intertwining,  and  must  accordingly  be  separated  and  dropped  into  a 
column  singly,  or  in  clusters  of  only  a  few  rings,  if  the  packing  is  to  be  ef¬ 
ficient  and  the  column  easy  to  operate. 


Metal  helices  of  the  sizes  used  in  laboratory  columns  attain  their  maxi¬ 
mum  efficiency  only  when  they  are  properly  introduced  into  the  column 
and  tamped  to  eliminate  loose  clusters  and  voids  in  the  finished  packed 
section.  A  method  which  works  well  has  been  described.114  A  fi-in  o-l*** 


*  .  ™  vv  paciveu,  wien  a  piece  ot  wire 

screen  having  a  mesh  which  will  pass  the  helices  is  bent  into  *  „„„ 
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by  the  helices.  The  tamper  rod  passes  up  through  the  stem  of  the  funnel 
and  the  screen  cup. 

For  longer  columns,  the  tamper  may  consist  of  a  brass  block  cut  in  the 
shape  of  a  4-  or  6-sided  pyramid.  The  major  dimension  of  the  base  should 
be  somewhat  less  than  the  column  diameter.  A  small  hole  drilled  through 
the  apex  of  the  tamper  provides  an  attachment  point  for  a  piece  of  No.  26 
Nichiome  wire  to  operate  the  tamper.  The  upper  end  of  the  wire  may  be 
attached  to  a  spool  on  which  to  wind  the  wire  as  the  required  wire  length 
diminishes  during  the  packing  operation.  Occasional  examination  of  the 
tamper  should  be  made  during  the  packing  operation  so  that  any  helices 
which  may  have  collected  on  the  wire  may  be  removed. 

The  fragile  nature  of  glass  helices  prohibits  tamping.  Dust  and  broken 
helices  should  be  removed  by  screening.  This  is  most  easily  accomplished 
by  construction  of  an  all-metal  sieve,  the  bottom  of  which  is  made  of  a 
metal  plate  slightly  thicker  than  the  diameter  of  the  helices  to  be  screened. 
A  large  number  of  holes  slightly  smaller  in  diameter  than  the  outside  diam¬ 
eter  of  the  helices  should  be  drilled  in  the  bottom.  This  type  of  sieve115 
will  remove  dust  and  broken  helices,  but  will  not  allow  a  complete  helix 
to  hook  through  a  hole  as  might  occur  with  ordinary  wire  sieves  of  suitable 
mesh.  Small  clusters  of  glass  helices  break  up  into  smaller  clusters  or 
single  units  during  the  sifting,  and  may  then  be  dropped  into  the  packed 
zone. 

D.  COLUMN  INSULATION 

Because  of  their  large  ratio  of  surface  area  to  volume,  laboratory  frac¬ 
tionating  columns  require  adequate  insulation  to  minimize  heat  loss,  re¬ 
duce  internal  reflux,  and  increase  column  efficiency  and  vapor  capacity. 
Internal  reflux  resulting  from  excessive  heat  loss  may  under  some  conditions 
bring  about  a  slight  increase  in  fractionating  efficiency,  but  such  results  are 
probably  fortuitous  to  a  large  extent.  Poorly  insulated  columns  are  gener¬ 
ally  less  reliable  in  operation  and  lower  in  fractionating  efficiency  over  a 
wide  temperature  range  than  are  columns  properly  designed  to  minimize 

heat  losses. 

Two  general  methods  are  available  for  preventing  heat  loss  from  frac¬ 
tionating  columns.  The  first  and  simplest  of  these  consists  in  covering  the 
column  with  a  layer  of  material  of  low  heat  conductivity,  such  as  85% 
magnesia,  glass  wool,  asbestos,  or  mineral  wool.  For  very  large  commer¬ 
cial  columns,  this  method  is  commonly  used  and  is  entirely  satisfactory ; 
for  small  columns  of  laboratory  size,  simple  insulation  is  not  effective  if  the 
temperature  difference  between  the  inside  of  the  column  and  its  surround- 


115  Cook,  N.,  private  communication. 
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ings  is  large.  Increasing  the  thickness  of  the  insulation  does  not  reduce  the 
heat  losses  indefinitely  after  a  certain  depth  of  insulating  material  has  been 
used.  On  very  small  diameter  columns  of  the  order  of  a  quarter  of  an 
inch,  increasing  the  thickness  of  the  insulation  beyond  a  certain  value  will 
lead  to  an  increase  of  heat  loss  because  of  the  large  surface  area  of  the  insu¬ 
lation  available  for  radiation. 

In  Table  XXVI  is  a  summary  of  heat  losses  (neglecting  end  effects)  to  be 
expected  for  a  column  1  in.  in  diameter  and  1  ft.  long  when  insulated  with 
95%  magnesia  of  the  thickness  shown. 

TABLE  XXVI 

Heat  Losses  Through  85%  Magnesia,  and  Equivalent  Condensation 


Insulation  thickness 

One  inch 

Two  inches 

> 

•s 

* 

II 

Heat  loss, 
cal. /hr. 

Ml. 

condensed/hr. 

Heat  loss, 
cal. /hr. 

Ml. 

condensed/hr. 

55°,  benzene . 

4,800 

54 

3450 

42 

85°,  toluene . 

:  7,600 

101 

5400 

73 

151°,  p-cymene . 

13,800 

238 

9800 

170 

AT*  =  normal  boiling  point  minus  room  temperature  (25  °C.).  All  calculations  based 
on  heat-loss  data  from  Johns-Manville  bulletins. 


In  striking  contrast  to  the  insulating  efficiency  of  low-conductivity  lag¬ 
ging  materials  mentioned  above  is  the  extraordinarily  high  insulating  ef¬ 
ficiency  of  vacuum  jackets.  These  consist  of  two  concentric  glass  tubes  of 
suitable  relative  diameters  sealed  one  to  the  other  with  a  glass-to-glass  seal 
at  each  end.  Through  a  small  tube  sealed  near  one  end  of  the  outer  tube, 
air  is  removed  from  the  annulus  down  to  a  pressure  of  10 ~5  to  10 ~6  mm. 
of  mercury.  During  the  evacuation,  the  whole  jacket  is  baked  at  high  tem¬ 
perature  (300-400°C.)  to  remove  occluded  gases  and  moisture  to  ensure  a 
permanent  vacuum.  Although  a  jacket  of  the  above  construction  has  good 
insulating  qualities,  its  efficiency  in  this  respect  can  be  greatly  improved  by 
silvering  the  inner  walls  of  the  jacket  or  by  placing  a  highly  reflecting  radia¬ 
tion  shield  in  the  annular  space  during  the  fabrication  of  the  jacket.  In 
either  case,  the  annular  space  is  highly  evacuated.  In  order  to  observe 
the  packing  through  the  jacket,  a  strip  may  be  left  unsilvered,  or  in  the  case 
o  jackets  with  an  inner  radiation  shield,  small  holes  about  y4  in.  in  diam¬ 
eter  are  punched  near  the  top  and  bottom  of  the  shield.  Vacuum  jackets  of 

J  ]8  constructlon  haye  been  used  as  separable  insulation  for  a  fractionating 
column  by  slipping  the  column  into  the  jacket  and  closing  the  small  an 

"ation8  buUl  emVeen  ^  C°1Umn  ^  ^  °f  the  jacket  with  solid  dil¬ 
ation,  but  the  more  common  practice  consists  in  making  the  inner  tube  of 
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the  jacket  serve  as  the  column  proper.  Extensions  of  the  inner  member 
are  used  to  attach  the  still  head  and  still  pot  by  suitable  joints. 

A  column  of  the  above  construction  would  be  usable,  but  the  permissible 
temperature  differential  between  the  inner  and  outer  tube  would  be  small, 
at  least  for  a  column  of  significant  length,  if  intolerable  strain  and  breakage 
were  to  be  avoided.  To  allow  for  the  differential  expansion  between  the 
inner  and  outer  members  of  a  vacuum-jacketed  column,  an  expansion 
member  is  made  part  of  either  the  inner  or  outer  tube.  When  the  expan- 


Fig.  29.  External  expansion  section  Fig.  30.  Internal  expansion  section  for 
for  vacuum-jacketed  column.  vacuum-jacketed  column.160 


sion  element  is  part  of  the  outer  tube,  one  or  more  short  sections  of  this 
member  are  made  into  the  form  of  a  glass  bellows;  the  number  of  such 
bellows  depends  on  the  length  of  the  jacket,  a  larger  number  being  required 
with  a  long  jacket.  When  the  expansion  member  is  part  of  the  inner  tube, 
it  consists  usually  of  two  or  three  small-diameter  glass  tubes  in  the  form  of 
coils  attached  to  the  inner  tube  at  the  lower  end  to  form  parallel  vapor 
lines  feeding  the  larger  tube.  The  flexibility  of  the  coils  allows  the  neces¬ 
sary  expansion  of  the  inrter  tube  to  take  place  without  placing  undue  strain 
on  any  part  of  the  column.  Difficulties  in  producing  satisfactory  expansion 
elements  have  limited  vacuum-jacketed  columns  to  diameters  of  about  1 
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in.  and  to  lengths  of  about  12  feet.  The  two  types  of  construction  are 
shown  in  Figures  29  and  30. 

In  an  earlier  design,116  expansion  elements  were  avoided  by  constructing 
the  inner  member  of  the  jacket  of  fused  Quartz  and  the  outei  jacket  of 
Pyrex,  the  union  between  the  two  ends  being  a  graded  glass  seal.  The  ex¬ 
tremely  low  coefficient  of  expansion  of  quartz  permitted  the  inner  tube  to 
be  heated  to  a  high  temperature  without  putting  excessive  strain  on  the  seal 
between  the  inner  and  outer  tubes.  The  high  cost  of  the  quartz  inner 
tubes  and  the  limited  lengths  and  diameters  available  have  caused  this 
design  to  be  abandoned. 

The  comparative  insulating  qualities  of  several  designs  of  vacuum  jack¬ 
ets  have  been  thoroughly  investigated  by  Podbielniak.116  Figure  31  shows 
the  type  of  jackets  he  studied,  and  Figures  32-34  summarize  his  results. 
It  is  apparent  that  the  insulating  efficiency  of  the  several  designs  varies 
widely,  but  these  results  when  compared  with  those  of  Table  XXVI  show 
the  decided  superiority  of  vacuum  insulation.  For  fractionation  of  liquids 
boiling  below  room  temperature,  vacuum  jackets  are  the  only  satisfactory 
type  of  insulation;  in  this  application  they  function  to  prevent  superheat¬ 
ing  of  the  column.  In  columns  operating  above  room  temperature,  vac¬ 
uum  jackets  minimize  heat  losses.  The  most  efficient  vacuum  jackets  lose 
some  heat  (largely  by  radiation)  when  liquids  of  boiling  points  far  removed 
from  ambient  temperatures  are  distilled;  to  minimize  these  losses  still 
further,  a  small  heater  is  inserted  into  the  evacuated  space  between  the 
column  proper  and  the  radiation  shield.117  The  energy  dissipated  in  the 
heater  (if  properly  adjusted)  just  compensates  for  the  residual  radiation 
losses  of  the  column. 


V  illingham  and  Rossini118  enclose  long  vacuum-jacket  columns  with  a 
metal  tube  on  which  are  wound  electric  heaters.  A  layer  of  85%  mag¬ 
nesia  and  finally  a  layer  of  aluminum  foil  cover  the  heaters.  Not  only  does 
this  method  reduce  heat  losses  to  an  extremely  small  value,  but  it  serves  to 
bring  the  outer  surface  of  the  vacuum  jacket  to  a  temperature  close  to  that 

of  the  inner  tube,  and  consequently  greatly  reduces  the  strain  on  the  ex¬ 
pansion  members  of  the  column. 

For  larger  laboratory  columns  made  of  either  metal  or  glass  the  second  of 
the  general  methods  is  used  for  preventing  heat  loss.  This  method  con¬ 
sists  in  maintaining  the  region  immediately  adjacent  to  the  column  at  the 
vapor-liquid  temperature  in  the  column  by  circulation  of  suitably  pre- 
ea  ec  air,  vapor,  or  liquid  in  a  jacket  surrounding  the  column,  or  by  dis- 
•  pa  mg  energy  in  an  insulating  medium  around  the  column.  To  be  com- 

”*  P^bielmak,  Ind.  Eng.  Chem.,  Anal.  Ed.,  5,  121  (1933) 

Podbielniak  Company,  Chicago,  Illinois. 

WillinBham  “d  Rossini,./.  Remrch  NatL  Bur  SUmiari> (,946) 
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pletely  effective,  either  of  these  methods  should  establish  theoretically  a 
temperature  gradient  throughout  the  length  of  the  column  on  the  outside 


AVERAGE  DIFFERENCE  IN  TEMPERATURE  BETWEEN 
INSIDE  OF  VACUUM  JACKET  a  SURROUNDING,  *C 

Fig.  32.  Efficiency  of  column  insulation.119 
Jackets  1,  2,  5,  13,  and  13 A  of  Figure  31. 


(A 


Fig.  33.  Efficiency  of  column  insula¬ 
tions.116  Jackets  6,  11,  12,  and  15  of  Fig¬ 
ure  31. 


Fig.  34.  Efficiency  of  column  insulation.119  Jackets  3,  4,  7- 
10,  and  14  of  Figure  31. 

exactly  equal  to  the  temperature  gradient  prevailing  inside  the  column 
caused  by  fractionation  and  to  some  extent  pressure  drop;  practical  limi¬ 
tations  will  permit  this  condition  only  to  be  approximated. 
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Several  arrangements  have  been  used  to  provide  a  region  of  suitable 
temperature  adjacent  to  the  column.  Kistiakowski119  enclosed  the  packed 
section  with  a  jacket  of  somewhat  greater  diameter  through  which  a  liquid, 
heated  to  the  proper  temperature,  was  circulated.  For  short  columns,  this 
design  is  probably  satisfactory  at  temperatures  not  too  far  removed  from 
the  ambient  temperature;  at  high  temperatures  heat  losses  from  the  jacket 
would  be  excessive,  and  insulation  would  be  necessary.  Some  tempera¬ 
ture  gradient  would  exist  as  a  result  of  natural  cooling  of  the  liquid  as  it 
moves  up  the  jacket;  on  tall  columns,  this  type  of  construction  would 
probably  not  supply  the  proper  temperature  gradient.  The  chief  objec¬ 
tion  to  this  design  is  the  necessity  for  circulating  a  hot  liquid.  This  not 
only  poses  a  mechanical  problem,  but  introduces  a  certain  amount  of  haz¬ 
ard  in  the  event  of  fracture  of  the  glass  jacket. 

Widmer120  achieved  the  same  result  automatically  by  surrounding  the 
column  with  a  jacket  so  arranged  that  the  vapors  of  the  material  being  dis¬ 
tilled  were  forced  to  pass  to  the  top  of  the  jacket,  reverse  their  direction 


down  the  inside  of  the  jacket,  and  thence  up  through  the  fractionating 
column  proper  (see  Fig.  3).  This  design  requires  considerably  greater  heat 
input  to  the  still  pot  to  attain  a  given  throughput  in  the  column  proper 
than  would  be  required  lor  a  vacuum-jacketed  column,  or  for  other  de¬ 
signs  in  which  heat  losses  are  compensated  independently.  The  Widmer 
column  has  greater  dynamic  holdup  for  the  same  reason,  and  hence  would 
not  separate  components  of  a  charge  as  sharply  as  other  designs.  The 
jacket  section  of  the  column  has  little  fractionating  efficiency  compared  to 
the  packed  rectifying  section;  consequently,  the  temperature  gradient 
m  the  column  would  be  upset  to  some  extent.  For  short  columns  of  moder¬ 
ate  efficiency,  the  Widmer  column  should  be  satisfactory. 

The  most  widely  used  system,  and  one  of  widest  applicability,  for  mini¬ 
mizing  heat  losses  from  fractionating  columns  consists  of  electric  heaters 
appropriately  placed  around  the  column.  Fenske  et  al .«>  used  this  method 
column  52  ft.  high  and  1  in.  in  diameter  in  which  were  separated  the 
wo  isomers  of  diisobutylene;  Borns,  Coffey,  and  Garrlrd-^dlt 
>  tedman  column  3  in.  in  diameter  and  12  ft.  long,  and  it  is  being  used 

partfcularly  sXble'T  'n.;liamet,er  Td  18  ft'  lo“«123  Electric  heaters  are 
particularly  suitable  for  those  who  build  their  own  columns  and  lack  the 

(1938)  “  k'.  Rehoff,  Smith,  H.  A.,  and  Vaughan,  J.  Am.  Chem.  Soc.,  57,  878 


on 

on 


m  r  ldmer’  Hdv'  Chim-  Acta>  7>  59  (1924). 

122  enske’ ■  QuiggJe,  and  Tonberg,  Ind.  Eng.  Chem.  24  408  IKm! 

Borns,  Coffey,  and  Garrard,  Symposium  on  Hi  Jh  T  '  . 

tion.  American  Petroleum  Institute  \WOn  High-Temperature  Analytical  Distilla- 
26.  n  institute,  Meeting  at  Chicago,  Illinois,  Nov.  11,  l946)  p. 

123  Foster  Wheeler  Corporation,  New  York  City. 
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facilities  for  building  vacuum-jacketed  columns  of  glass;  their  use  is  the 
only  leasible  method  of  heat-loss  compensation  for  large  or  small  columns 
of  metal. 

In  order  to  attain  the  best  external  temperature  gradient  throughout  the 
length  ol  the  column,  the  electric  heaters  are  put  on  in  sections,  each  inde¬ 
pendently  controlled  by  a  variable  transformer.  Short  columns  up  to 
about  3  ft.  long  operate  satisfactorily  with  a  single  heater;  longer  columns 
should  have  heater  sections  not  exceeding  3  ft.  in  length. 

When  all-glass  construction  is  to  be  used,  the  column  is  placed  concen¬ 
trically  in  a  second  glass  tube  of  an  inside  diameter  3/4  in.  larger  than  the 
outside  diameter  of  the  column,  and  slightly  longer  than  the  proposed 

OUTER  JACKET 

ASBESTOS  CORD 
THERMOMETER 

COLUMN  TUBE 
PACKING 

RESISTANCE  RIBBON 
INNER  JACKET 


Fig.  35.  Cross  section  of  column  with  compensating  jacket. 


packed  section.  Four  to  six  lengths  of  asbestos  cord  are  then  fastened 
longitudinally  on  the  jacket  at  equal  angular  spacing  to  prevent  contact  of 
the  heater  wires  and  jacket,  and  to  minimize  slippage  of  the  heater  element. 
Sufficient  resistance  wire  or  tape  of  the  proper  current-carrying  capacity 
and  resistivity  should  then  be  wound  on  the  jacket  to  carry  the  full  load 
of  the  variable  transformer  to  be  used  with  the  jacket  (see  Table  XXVII). 
Adjacent  turns  should  be  »/,  to  8A  in.  apart.  The  variable  transformer 
used  for  this  purpose  usually  has  a  maximum  rating  of  5  amp.  at  110  v.; 
the  resistance  should  be  accordingly  about  22  ohms.  The  full  heater  dissi¬ 
pation  may  not  be  required,  but  by  using  22  ohms  there  is  no  danger  of 
exceeding  the  rating  of  the  transformer  in  the  event  the  full  voltage  is 
thrown  on  the  winding.  A  second  glass  tube  of  suitable  diameter  for  a 
snug  fit  is  then  slipped  over  the  jacket  for  protection  if  full  visibility  of  the 
packing  is  desired;  otherwise,  a  layer  of  85%  magnesia  may  be  put  over 
the  winding  to  reduce  power  requirements,  and  to  minimize  the  effect 
drafts  on  the  regulation  of  the  jacket  temperature  (see  Figs.  3o  and  3  ). 
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When  several  jacket  sections  of  the  above  construction  are  used  on  a  col¬ 
umn,  a  Transite  plate  drilled  to  slip  onto  the  column  with  snug  fit  should 
be  placed  between  adjacent  sections  to  prevent  circulation  of  heated  air 
between  the  sections. 


couples"  hookeM|h,mPr°Per  P<T  input  t0  a  given  heater  section,  thermo- 

Spdritnhg  “«onTthe  ribbon 

« M  .Hp  p,  „d 
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opposite  the  jacket  thermocouple,  by  means  of  asbestos  tape  and  fine- 
gage  Nichrome  wire.  The  four  leads  are  brought  out  the  ends  of  the  jacket. 
If  a  copper-constantan  thermocouple  is  used,  the  two  constantan  leads  are 
silver-soldered  together,  and  the  copper  leads  run  to  a  galvanometer  of 
fair  sensitivity.  When  the  heat  input  to  the  jacket  is  correct,  the  galvanom¬ 
eter  will  give  zero  reading.  One  galvanometer  can  be  used  to  indicate 
the  proper  heat  balance  in  several  jackets  on  one  or  more  columns  by  the 
use  of  simple  rotary  switches  of  the  type  found  in  radio  circuits. 

Prevost124  has  designed  an  automatic  control  to  regulate  the  heat  input 
to  jackets  of  the  above  construction.  Two  additional  windings  of  fine 
wire  having  a  high  coefficient  of  resistance  are  wound,  one  directly  on  the 
column  and  the  other  located  on  the  inside  surface  of  the  jacket;  they 
function  as  two  arms  of  a  Wheatstone  bridge.  Any  unbalance  of  the 
bridge  caused  by  a  difference  of  temperature  of  either  winding  (change  of 
resistance  of  either  winding)  actuates  a  relay  through  a  small  thyratron 
tube,  and  increases  or  decreases  the  power  to  the  heater  winding  to  restore 
the  heat  balance.  Control  to  0.5°C.  is  claimed  for  the  circuit. 

Variations  of  the  jacket  design  described  previously  have  been  used  satis¬ 
factorily  for  both  glass  and  metal  columns.  Fenske  et  ah121  used  a  2-in. 
thickness  of  85%  magnesia  directly  on  the  column;  resistance  tape  was 
then  wound  onto  the  magnesia,  and  a  second  layer  of  magnesia  covered  the 
winding.  Thermocouples  were  placed  on  the  column  at  the  middle  of  each 
section,  and  in  the  first  layer  of  magnesia  at  points  directly  opposite  the 


column  thermocouples. 

Borns,  Coffey,  and  Garrard122  modified  the  design  for  a  Stedman  column 
3  in.  in  diameter.  A  layer  of  mica  was  wrapped  on  the  column  to  serve  as 
electrical  insulation  for  a  Nichrome  winding  wound  directly  over  the  mica. 
This  winding  was  used  only  during  the  start  of  a  distillation  to  heat  the 
column  and  to  reduce  the  time  required  for  refluxing  to  start.  A  5/s-in. 
layer  of  magnesia  covered  the  first  heater  windings,  followed  in  turn  by 
copper  sheet,  mica,  a  second  Nichrome  winding,  1  in.  of  85%  magnesia,  and 
finally  2.5  in.  of  glass  wool.  Thermocouples  were  located  on  the  column 
and  in  the  first  layer  of  magnesia  as  in  Fenske’s  design.  Marschner  an 
Cropper125  insulated  their  high-efficiency  columns  with  1.5  in.  of  shredded 
magnesia  inside  a  steam-heated  jacket.  Steam  pressure  was  automatica  y 
controlled  to  minimize  heat  losses  and  to  prevent  excessive  column  temper¬ 
ature.  Peters  and  Baker126  jacketed  their  column  with  an  electric  heater, 
and  provided,  in  addition,  an  electrically  heated  stream  of  air  to  the  bottom 


124  praU(v;t  C  Thesis  Pennsvlvania  State  College,  1948. 

»  Marschner  and  Cropper,  Symposium  on  High-Temperate  Ana.^al  Drst.Uat.on. 

American  Petroleum  Institute,  Meeting  at  Ck»  Nov.  11,  1946,  p. 

im  Peters  and  Baker,  T.,  Ind.  Eng.  Chem.,  18,  69  (1926). 
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of  the  jacket  as  a  means  of  establishing  the  proper  temperature  gradient 
along  the  packed  section. 

Either  vacuum  jacketing  or  heat-loss  compensation  provides  satisfactory 
column  insulation.  For  small-diameter  columns  not  exceeding  a  length  of 
about  10  ft.,  vacuum  jacketing  may  be  preferable.  Actual  experience  has 
shown  that  somewhat  lower  boil-up  rates  can  be  maintained  in  a  vacuum- 
jacketed  column.  On  larger-diameter  columns  (>1  in.  in  diameter)  and 
for  all-metal  columns,  heat-loss  compensation  is  the  only  satisfactory  de¬ 
sign.  All-metal  vacuum-jacketed  columns  have  been  built127  and  the 
jacket  given  a  long  period  of  evacuation  to  degas  the  metal.  When  further 
degassing  of  the  metal  under  operation  raises  the  jacket  pressure  to  10  _4 
mm.,  the  evacuation  is  repeated.  This  procedure  introduces  complexities 
scarcely  justified  for  the  little  additional  efficiency  and  operating  smooth¬ 
ness  achieved. 


III.  CONDENSER  SECTION 


1.  General 


Vapors  from  the  still  pot  pass  up  through  the  column  proper,  or  recti¬ 
fying  section,  where  they  are  enriched  in  the  more  volatile  components, 
and  emerge  into  the  condenser  section  at  the  top  of  the  column  to  be  totally 
or  partially  condensed  to  a  liquid.  If  the  vapors  are  partially  condensed, 
condensate  automatically  returns  to  the  top  of  the  rectifying  section  as 
reflux,  and  the  remaining  vapor  passes  into  an  auxiliary  condenser  in  which 
the  vapor  is  liquefied  and  withdrawn  as  product.  If  all  the  vapors  emerg¬ 
ing  from  the  rectifying  sections  are  liquefied  in  the  condenser  section,  the 
system  operates  as  a  total  condenser,  and  a  portion  of  the  condensate  is 
withdrawn  as  product.  Both  types  of  condensers  are  operated  as  total 
condensers  while  the  column  is  being  preflooded  and  brought  to  equilibrium 
before  product  collection  begins. 


istorically,  there  has  been  some  controversy  on  the  relative  merits  of 
Par1t!lVersUSJtotaI  condensers.  Peters  and  Baker126  and  later  Podbiel- 
mak  -  favored  the  partial  condenser  because  the  unavoidable  holdup  in  the 
o  a  condenser  works  against  the  sharpest  separation.  Podbielniak’s 

Dkntronf  C°  Umn  KSela  t0tai  condenser-128  Young129  contends  that  no 
plant  column  can  be  thoroughly  efficient  without  some  form  of  partial 

condenser  (dephlegmator).  Robinson-’"  argues  that  the  usual  type  of  con- 


(19M1)mith’  V'  C"  Glasebr00t’  Begeman'  ^  Lovell,  Ind.  Eng.  Chem.,  Anal  Ed.,  17,  47 

2  Podbielniak,  Ind.  Eng.  Chem.,  Anal.  Ed.,  5,  127  (1933) 

-  Obtain  1 P:in?fS  and  Frocesm-  London,  1922. 

'  S-’  Elemenls  °1  Clonal  DMIlatum.  New  York,  1930,  p.  88. 
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denser  is  peculiarly  unadapted  for  good  fractionation.  Recently,  Birch 
et  al.ul  published  the  design  of  a  low-pressure  column  using  a  partial  con¬ 
denser  to  which  was  ascribed  a  part  of  the  fractionating  efficiency.  Leslie132 
has  shown  mathematically  that  fractional  distillation  is  superior  to  frac¬ 
tional  condensation. 

Regardless  of  the  theoretical  merits  of  partial  condensers  (and  these  are 
not  imposing),  their  use  on  modern  laboratory  columns  for  high-tempera¬ 
ture  distillations  is  very  limited.  A  partial  condenser  must  be  supplied 
with  a  carefully  metered  quantity  of  coolant,  or  with  a  suitable  quantity  of 
coolant  at  a  closely  controlled  temperature,  in  order  to  maintain  the  proper 
reflux  ratio  while  a  product  of  constant  boiling  point  is  being  collected. 
During  breaks,  the  rate  of  circulation  of  the  coolant  or  its  temperature  must 
be  closely  watched  and  changed  as  necessary  to  maintain  flow  of  product 
to  the  receiver. 

Total  condensers,  on  the  other  hand,  need  only  be  supplied  with  enough 
coolant  to  condense  all  vapors  entering  the  condenser  section ;  excess  cool¬ 
ant  does  no  harm,  and  is  of  no  significance  for  laboratory  columns.  If  the 
heat  picked  up  by  the  coolant  is  to  be  used  for  calculating  the  boil-up 
rate,  the  rate  of  flow  of  the  coolant  must  be  closely  controlled  during  the 
time  the  measurement  is  being  made.  This  applies  to  the  partial  condenser 
system  also;  here,  two  rates  will  have  to  be  determined,  one  of  which  is  by 
temperature  difference;  and  product  rate  directly.  A  portion  of  the  con¬ 
densate  can  be  withdrawn  continuously,  or  all  the  condensate  for  a  fi  ac¬ 
tion  of  unit  time  can  be  withdrawn  to  establish  the  propei  leflux  ratio, 
all  the  vapor  can  be  withdrawn  for  a  fraction  of  unit  time  as  product  and 
thus  establish  the  reflux  ratio.  The  simplicity  of  control  of  condensation 
and  product  collection  with  a  total  condenser  has  made  it  the  preferre 
system.  When  several  columns  are  attended  by  a  single  operator,  as 
frequently  occurs  in  large  laboratories,  the  impracticability  of  partial  con¬ 
densers  is  immediately  obvious. 

The  condenser  systems  of  a  fractionating  column  should  be  constructed 
with  sufficient  cooling  surface  to  condense  all  vapors  entering  the  con¬ 
denser.  It  is  assumed  that  the  coolant  circulating  through  the  condenser 
is  significantly  colder  than  the  lowest-boiling  material  to  he  ‘^n^- 
Inasmuch  as  many  types  of  laboratory  columns  have  to  be  Preflooded  to 
achieve  their  maximum  efficiency,  the  condenser  system  must  be  capable 
of  condensing  the  abnormal  supply  of  vapor  during  the  Preflood"'* 
lions-  if  it  does  this,  the  condenser  will  be  more  than  adequate  for  the 

normal  vapor  load.  In  addition  to  condensing  the 

condenser  system  of  laboratory  columns  .s  provided  with  a  partition  g 

...  Birch,  Gripp,  and  Nathan,  J.  Soc.  Chem.  Ind.  London,  66,  33  (1947). 

132  Leslie,  Motor  Fuels.  New  \ork,  1923. 
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device  by  which  a  regulated  fraction  of  the  condensate  or  vapor  is  with¬ 
drawn  as  product,  and  the  very  important  “reflux  ratio”  is  established. 

2.  Total  Condensers 

For  ease  of  construction,  ruggedness,  low  holdup,  large  vapor  capacity 
with  no  tendency  to  flood,  and  low  pressure  drop,  a  form  of  the  modified 
Liebig  condenser  is  frequently  used.  Somewhat  greater  condensing  sur¬ 
face  for  a  given  length  of  condenser  can  be  obtained  by  introducing  a  “cold- 
finger”  into  the  center  tube.  This  design  has  a  smaller  liquid  capacity 
than  the  simpler  form,  and  may  more  readily  discharge  reflux  overhead  into 
the  fraction  receiver  during  the  preflooding  operation.  Another  design 
consists  of  a  plain  glass  jacket  with  a  “cold-finger”  in  the  center.  This 
may  consist  of  a  plain  glass  tube  through  which  the  coolant  is  circulated, 
or  may  be  a  glass  or  metal  coil  of  small-diameter  tubing.  The  turns  of  the 
coil  must  be  separated  far  enough  to  prevent  the  formation  of  a  bridge  of 
condensate  between  adjacent  turns  of  the  coil  if  condenser  holdup  is  to  be 
minimized.  The  simple  Liebig  type  of  condenser  in  a  vertical  position 
probably  has  the  lowest  holdup  of  all  the  designs;  this  supposition  has  not 
been  verified,  however. 

Physical  dimensions  of  condensers  are  not  critical;  150  sq.  cm.  of  con¬ 
densing  surfaces  (30  cm.  long  by  1.6  cm.  I.D.  standard  Pyrex  tubing)  for 
high-efficiency  columns  having  a  maximum  boil-up  rate  of  1560  ml.  per 
hour  of  hydrocarbon  is  satisfactory.133  If  there  is  a  small  differential  be¬ 
tween  vapor  and  coolant  temperature,  or  if  the  vapors  have  high  latent  heat 
somewhat  greater  condensing  area  may  be  required. 

As  mentioned  above,  a  portion  of  the  vapors  entering  the  condenser  sec¬ 
tion  is  withdrawn  as  product,  either  as  liquid  or  as  vapor  which  is  subse¬ 
quently  liquefied.  Some  form  of  partitioning  device  regulates  this  process. 

How  well  this  is  done  determines  to  a  marked  extent  the  success  of  a  frac¬ 
tionation. 

•  °c  g®neral  methods  are  used  to  control  the  product  rate.  One  con- 

to  flovv  ^rrgrng  de,ViCe’  Which  all0WS  a  steady  stream  of  condensate 
‘I  Tf  ‘° the  product  reiver.  excess  condensate 
mg  back  to  the  rectifying  section  as  reflux;  the  other  consists  of  a. 

mechanism  by  which  all  the  condensate  can  be  diverted  either  to  the  prod¬ 
uct  receiver  or  to  the  rectifying  section  of  the  column.  This  mechanism 

°Perated  by  a  timing  device.  If  the  timing  device  for  examnle  hold*  H 
cohimn  on  total  reflux  for  59  seconds,  and  then  on  ZutSte  Uetnd 

ratio  s59CT  mTh  f’  *  59:1  and  theoretically  the  reflux 

ratio  is  59 .1.  (The  bo, 1-up  rate  ,s  assumed  to  be  constant  during  the  full  60 

Wi"ingham  and  Ro3sini.  J-  Research  Nall.  Bur.  Standards,  37,  15  (1946). 
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seconds.)  I  his  system  should  give  the  same  reflux  ratio  regardless  of 
boil-up  late,  however,  holdup  in  the  diverting  mechanism,  time  lag  in  the 
opei  ation,  and  condensation  in  parts  of  the  column  other  than  the  condenser 
tend  to  give  a  higher  reflux  ratio  than  the  time  ratio  indicates.  A  modifica¬ 
tion  of  this  system  uses  a  magnetically  controlled  valve  to  close  the  en¬ 
trance  to  the  condenser  and  open  an  exit  valve  and  thus  direct  the  vapor 
into  an  auxiliary  condenser  where  it  is  liquefied. 


Fig.  37.  Details  of  condenser  section  and  product 
valve.107 

(A)  Section  showing  opening  in  jacket  of  con¬ 
denser. 

(B)  Portion  connecting  condenser  with  ground- 
glass  valve. 

(C)  Tungsten  rod,  No.  12  AWG. 

(D)  Male  ground  joint,  standard  taper  12/20. 

(E)  Portion  having  extra-heavy  wall. 

(F)  Apron  to  direct  liquid  from  the  condenser 
to  the  thermometer  well. 

(G)  Bottom  edge  for  sealing  to  rectifying  tube 
(should  be  smooth  and  have  plane  perpendicular 
to  axis  of  thermometer  well). 

(H)  Clearance  to  be  not  less  than  15  mm. 

(J)  Ground-glass  valve,  taper  1  in  5,  small  end 
4  mm.,  large  end  6  mm.,  length  10  mm.,  ground 
for  high  vacuum.  Material  is  Pyrex  laboratory 
glass. 


Historically,  the  ubiquitous  stopcock  was  the  first  device  used  to  control 
product  rate  from  a  column.  It  served  this  purpose  admirably,  particularly 
in  that  its  vagaries  led  to  decidedly  better  methods  of  control.  The  neces¬ 
sity  for  using  a  lubricant  which  sooner  or  later  dissolved  in  the  product,  air 
leakage  during  reduced-pressure  distillations,  difficulties  of  precise  adjust¬ 
ment,  and  intermittent  and  irregular  flow  when  two-phase  condensates 
appear  make  the  stopcock  a  generally  unsatisfactory  device  for  control  of 
product  rate.  Some  improvement,  so  far  as  adjustment  of  the  rate  wa 
concerned,  was  made  by  the  development  of  the  variable-flow  stopcock, 
but  this  did  not  overcome  the  disadvantages  mentioned  above. 
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A  design  which  eliminated  in  one  step  all  the  difficulties  encountered 
with  stopcocks  except  that  of  irregular  flow  of  two-phase  condensates  is 
shown  in  Figure  37. 133  Figure  38  gives  the  details  of  a  micrometer  adjust¬ 
ing  screw  for  regulating  the  flow  of  product.134  This  design  is  such  that 
the  ground-glass  valve,  J,  cannot  be  forced  from  the  female  section  if  it 
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Fig.  38.  Modified  valve  control  to  use  with  condenser  section  of  Figure  37.13< 

sticks.  The  valve  may  be  readily  released  if  this  occurs  by  carefully  heat¬ 
ing  the  female  section  with  a  small  flame  and  thus  avoid  breaking  the  glass- 
to-tungsten  seal.  As  will  be  noted  in  Figure  37,  the  condenser  delivers 
reflux  to  the  plug  and  keeps  the  orifice  covered  with  reflux  at  all  times  to 
maintain  a  very  small  but  adequate  supply  of  product.  No  lubricant  is 
needed  since  the  product  acts  as  its  own  lubricant.  When  the  valve  parts 
are  properly  constructed  and  ground  as  recommended,  the  valve  does  not 

iTthltrftr  C°t  °"  t°‘al.reflUX-  Product  rate  *  very  constant  so  long 

Lill  ,  ?  teTn,and  VISC0S,ty  of  the  reflux  do  not  change.  In  the 

distillation  of  pure  hydrocarbons,  tests  have  shown  the  rate  to  remain  con¬ 
stant  within  2%  or  less  for  periods  of  10  hours  or  more.  The  design  is 
Hercules  Powder  Co.  design. 
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satisfactory  for  both  atmospheric  and  lower-pressure  distillations  because 
the  valve  has  substantially  the  same  pressure  on  both  sides.  Holdup  is 
minimum  and  is  almost  entirely  the  normal  holdup  of  the  condenser  and 
associated  surfaces. 


The  generally  unsatisfactory  regulation  of  product  rate  by  means  of 
stopcocks,  the  difficulties  of  determining  reflux  ratios  with  the  best  systems 
of  continuous  product  collection,  and  demonstration  of  equality  or  slight 
superiority  of  intermittent  take-off  compared  to  continuous  take-off 
have  led  to  wide  use  of  intermittent  take-off  systems.  Figures  39  and 

“ft  Oldroyd  and  Goldblatt,  Ind.  Eng.  Chem.,  Anal.  Ed.,  18,  701  (1946). 
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40  show  two  designs  for  liquid  and  vapor  take-off,  respectively.136  In  the 
case  of  liquid  take-off  (Fig.  39),  a  timer  energizes  the  solenoid  which  moves 
the  tipping  funnel  over  the  opening  of  the  product  line  to  discharge  the 
reflux  to  the  product  cooler  and  receiver;  interruption  of  the  current  to 
the  solenoid  by  the  timer  then  diverts  the  reflux  back  to  the  column.  For 
vapor  take-off  (Fig.  40),  the  solenoid  when  energized  closes  the  opening  ol 
the  condenser  and  allows  the  vapor  to  flow  into  the  product  condenser  for 
a  given  interval  of  time.  The  ratio  of  time  on  total  reflux  to  time  on  total 


takeoff  is  the  reflux  ratio,  theoretically.  Studies  by  Collins  and  Lantz’» 

flu^o'uJZ1:  rt  °T  tKe  time  rat‘°  'S  Sma'Ier  than  the  actual  re- 
IX  ratio,  that  the  actual  reflux  ratio  varies  with  boil-up  rate  and  that 

vapor  take-off  system  gives  a  smaller  reflux  ratio  thZthelS  utoff 
*  Collins  and  Lantz,  Ind.  Eng.  Chem.,  Anal.  Ed.,  18,  073  (1940). 
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system.  Imperfect  insulation  and  cold  reflux,  requiring  the  condensation 
ot  a  certain  amount  of  vapor  to  heat  the  reflux  to  column  temperature,  are 
largely  responsible  for  the  difference  noted. 


A  careful  examination  of  Figure  39  will  show  that  the  reflux  entry  port  is 
closely  adjacent  to  the  product  discharge  line.  This  region  of  relatively 
high  temperature  is  filled  with  vapor.  Some  of  this  vapor  diffuses  into  the 
product  line  and  increases  the  product  rate.  For  the  same  reason  a  certain 
amount  of  product  will  collect  during  the  initial  equilibration  ol  the  colun 
under  total  reflux.  A  suitable  valve  in  the  product  line  as  close  as  possible 

to  the  product  port  will  hold  this  flow  to  a  minimum  during  the  period 

total  reflux  (see  Fig.  41).  Figure 41-*  is  another design  of  liquid-dividing 

.11  Hall,  H.J.,  and  Jonach,  Symposium  on  High-Temperature  Analytical  Distillation, 
American  Petroleum  Institute,  Meeting  at  Chicago,  Illinois,  hov.  1  ,  ,  P- 
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head,  similar  in  principle  to  Figure  39.  A  somewhat  different  design  of 
liquid-dividing  head  is  shown  in  Figure  42. 138  Drainage  of  the  condensate 
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42.  Condenser  section  and  liquid-dividing  head  (all  dimensions  in  millimeters).- 
138  Kieselbach,  Anal.  Chem.,  19,  815  (1947). 
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irom  the  condenser  to  the  valve  is  positively  directed  by  the  drip  tip;  the 
short  extension  in  the  bottom  of  the  valve  plug  produces  a  “pouring  rod” 
effect  by  virtue  of  the  surface  tension  of  the  condensate  to  aid  in  carrying  all 
condensate  into  the  receiver  during  the  time  the  valve  is  open.  Excessive 


VJ 


Fig.  43.  Corad  condenser  section  and  reflux  divider.140 

boil-up  rates  will  probably  overload  the  product  valve  unless  the  valve  sise 
is  increased  considerably.  Leakage  of  condensate  can  be  kept  to  a  very 
low  value  if  the  valve  is  properly  ground,  and  given  a  final  lapping  ■ 

F  dWoLT  hitdvertent  heat  losses  the  product  valve  and  condenser  are 
located  in  an  enlarged  section  of  the  vacuum  jacketed  Hype, -Cal  faction 
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ating  column  just  above  the  top  of  the  packing.139  Some  holdup  pi  e\  ails 
around  the  valve  plug.  At  high  boil-up  rates,  the  amount  of  holdup  is  not 
significant,  but  at  very  low  boil-up  rates  as  used  at  reduced  pressures  (if 
the  pressure  drop  is  to  be  kept  low),  the  holdup  requires  the  ratio  of  time 
on  total  reflux  to  time  on  total  take-off  to  be  much  larger  than  the  desired 
reflux  ratio. 

For  controlling  reflux  ratios  of  30:1  and  below,  the  design  shown  in  Fig¬ 
ure  43  was  developed  and  designated  the  Corad  head,  COnstant  RAtio 
heaD.140  Several  condensation  strips  of  different  areas  are  provided  on  the 
condenser  surface  to  vary  the  fraction  of  the  total  condensate  dropping  off 
any  one  tip.  The  condenser  surface  can  be  rotated  to  bring  any  drainage 
tip  over  the  product  discharge  port;  drainage  from  the  other  tips  returns 
to  the  column  as  reflux.  During  the  construction  of  the  condenser,  the 
area  and  number  of  strips  are  set,  and  hence  the  several  possible  reflux  ratios 
are  pre-established.  A  reasonably  good  estimate  of  the  amount  of  vapor 
reaching  the  condenser  can  be  made  by  maintaining  the  boil-up  rate  con¬ 
stant  by  appropriate  means,  collecting  the  condensate  from  each  drainage 
tip  in  turn  for  a  measured  time  interval,  and  dividing  the  total  weight  or 
volume  of  material  collected  by  the  total  time  required.  This  will  give  the 
rate  of  boil-up  at  the  condenser.  Tests  have  shown  that  the  reflux  ratio 
established  by  any  one  drainage  tip  will  vary  somewhat  with  the  amount  of 
vapor  reaching  the  condenser.  Product  rate  is  also  increased  by  vapor  dif¬ 
fusion  into  the  product  line;  this  is  probably  more  pronounced  at  the 
higher  reflux  ratios.  The  Corad  head  has  the  advantage  of  simplicity  in 
that  an  auxiliary  timer  and  solenoid  are  not  required  for  its  operation 
At  reduced  pressures,  the  ground-glass  joint  has  a  tendency  to  bind  when 

rotated;  this  condition  may  lead  to  breakage  if  the  force  applied  is  too 
great. 


3.  Partial  Condensers 

Partial  condensers  have  been  almost  entirely  superseded  by  total  con¬ 
densers  on  laboratory  columns.  Doran, “■  Kistiakowsky,'«  and  Laughlin 

B?rch’  T S,  deS°.ribed  C0lumns  usin«  Partial  condensers! 

j  a  d  Pa  condenser  in  a  low-pressure  spinning-band 
co  umn.  An  extens.on  of  the  column  proper  is  surrounded  with  a  short 

Z  f°dbjelniak’  IncorPorated,  Chicago,  Illinois. 

...  iryd  and  Ho™bacher,  Anal.  Chem.,  19,  120  C 1947') 

Doran,  Anal.  Chem.,  5,  101  (1933). 

Kistiakowski,  RuhofF,  Smith  H  4  flnfi  y  u  r 
(1935).  ’  ’  ’  and  Vaughan,  J.  Am.  Chem.  Soc.,  57,  878 

\u  ^auShl”h  Nash,  and  Whitmore, ./.  Am.  Chem.  Soc  56  1396  M9341 
Bach,  Cnpp,  and  Nathan,  Sec.  Chem.  Ini.,  Lo’Xn,  06  33  (W7). 
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jacket  through  which  air  is  blown  to  condense  the  vapors  partially,  and 
to  regulate  the  product  rate.  Inasmuch  as  the  reflux  must  flow  down  the 
column  walls  in  a  thin  uniform  film,  the  partial  condenser  offers  an  ad¬ 
vantage  in  this  type  of  column.  For  low-temperature  columns,  partial 
condensers  offer  simpler  control  of  product  take-off  rate  than  total  con¬ 
densers,  chiefly  because  the  distillate  is  collected  as  a  gas,  not  as  a  liquid. 

The  best  systems  so  far  devised  for  establishing  reflux  ratios  give  only 
approximate  values.  Unavoidable  condensation  of  vapor  in  inaccessible 
parts  of  the  condenser  system-product  collecting  system  and  internal 
reflux  caused  by  imperfect  insulation  tend  to  make  the  actual  reflux  ratio 
greater  than  the  measured  value.  For  example,  one  group  of  six  vacuum- 
jacketed  perforated-plate  columns  had  internal  condensation  rates  varying 
from  170-260  ml.  of  n-heptane  per  hour;  the  internal  reflux  was  independent 
of  the  boil-up  rate,  as  would  be  expected.145  Less  efficient  insulation  would 
allow  greater  internal  reflux.  As  a  practical  matter,  uncertainty  regarding 
the  reflux  ratio  is  not  too  important.  If  a  given  column  will  produce  a 
product  of  satisfactory  purity  at  some  reasonable  reflux  ratio,  its  absolute 
value  is  not  generally  of  major  importance. 


IV.  STILL  POTS 


The  still  pot  of  a  batch  distillation  column  is  the  part  of  the  column  into 
which  the  distilland  is  charged.  It  is  attached  to  the  lower  end  of  the  frac¬ 
tionating  section.  Heat  is  applied  to  the  still  pot  from  a  suitable  source, 
the  still  pot  transmits  the  heat  to  the  distilland  and  brings  about  evapora¬ 
tion  at  a  more  or  less  uniform  rate.  The  vapors  so  generated  pass  up 
through  the  column  where  they  are  rectified  or  fractionated,  a  portion  is 
withdrawn  as  product,  and  the  remainder  flows  down  the  column  as  liquid 
reflux,  finally  returning  to  the  still  pot.  At  the  end  of  a  distillation  the 
still  pot  will  contain  the  undistilled  part  of  the  distilland  and  the  drainage 
from  the  rectifying  section. 

TVip  most  eommonlv  used  still  pot  for  laboratory  fractionating  columns 


Permanently  attached  still  pots  of  the  same  general  ty 


...  Collins,  and  Lants,  Ini.  Eng.  Chem.,  Anal.  Ed.,  18,  673  (1946). 
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used.  A  satisfactory  design146  is  shown  in  Figure  44.  The  sealed-in 
thermometer  well  has  been  eliminated  to  avoid  the  use  of  a  fi agile  ling  seal 
necessary  in  this  construction.  If  the  still-pot  temperature  is  desiied,  a 
suitable  thermometer  well  can  be  slipped  into  the  charging  line  in  place  ot 
the  internal  heater  shown.  The  connection  to  the  back-pressure  manom¬ 
eter  is  made  in  the  cold  region  of  the  charge  line  to  avoid  diffusion  of 
vapor  into  that  part  of  the  equipment. 


TO  TRANSFORMER 


Fig.  44.  Still  pot  for  permanent  attachment  to  column. 


Spherical  still  pots  offer  great  convenience  of  construction  and  a  maxi¬ 
mum  of  safety  from  implosion  when  distillations  are  made  at  greatly  re¬ 
duced  pressure.  Their  chief  disadvantage  is  the  low  ratio  of  area  to  vol¬ 
ume;  this  requires  high  heat  transfer  per  unit  area,  and  hence  necessitates 
increased  intensity  of  heat  per  unit  area  for  a  given  boil-up  or  evaporation 
rate.  Except  in  case  of  extreme  thermal  sensitivity  of  the  charge,  this  is 
not  usually  serious.  Still  pots  of  other  shapes  have  been  used  to  some  ex- 

USCd a Cy'indriCal  type’  HaU and  Jo-ch- 

Laboratory  columns  of  all-metal  construction  usually  have  cylindrical 
•  pots,  positioned  either  horizontally  or  vertically  to  the  cylindrical 

148  Hercules  Powder  Co.  design. 

147  Willingham  and  Rossini,  /.  Research  Natl  R„r-  j  , 

148  Hnll  HI  IT  ,  ’  IlKtstarm  ;vcr“-  our.  Standards,  37,  15  (10461 
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axis.149  ljl  Others,16-  on  the  other  hand,  have  a  spherical  still  pot  con¬ 
structed  from  a  large-volume  stainless-steel  float. 


V.  HEATING,  CONTROL  OF  HEAT  INPUT,  AND 
TEMPERATURE  MEASUREMENTS 

Heating  of  laboratory  apparatus  has  been  discussed  rather  completely 
by  Egly  in  Volume  III  of  this  series  ( Technique  of  Organic  Chemistry). 
i«  Borns,  Coffey,  and  Garrard,  Symposium  on  High-Temperature  Analytical  Distilla¬ 


tion,  p.  26. 

iso  Marschner  and  Cropper,  ibid.,  p.  35. 

i5i  Fenske,  Quiggle,  and  Tonberg,  Ind.  Eng.  Chem.,  24,  408  (lJ32j.  - 

is*  Smith,  V  C  Glasebrook,  Begeman,  and  Lovell,  Ind.  Eng.  Chem.,  Anal.  Ed.,  , 

47  (1945). 
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For  heating  laboratory  still  pots  and  columns,  electric  power  is  almost  uni¬ 
versally  used.  Ease  of  control,  safety,  and  adaptability  to  automatic 
operation  have  made  it  supplant  all  other  methods.  Heat  is  generated 
by  dissipating  power  in  an  element  of  high  resistivity  according  to  the 
formula  P  =  IU2,  where  P  is  the  power  dissipated  (in  watts)  and  I  is  the 
current  (in  amperes).  Consider,  for  example,  a  resistance  of  22  ohms  and 
a  supply  voltage  of  1 10  volts.  The  usual  tj^pe  of  variable  transformer  used 
in  laboratory  work  at  its  maximum  setting  will  supply  5  amp.  to  this  ele¬ 
ment,  the  safe  output  for  the  transformer.  Table  XXVII  gives  the  power 
(watts)  dissipated  in  the  resistor  at  the  various  voltages,  and  the  equiva¬ 
lent  calories  per  hour  dissipated  (1  watt  hour  =  860  cal.).  If  we  assume 
10  to  be  the  lowest  and  110  the  highest  voltage  used,  there  is  a  voltage 
variation  of  11:1  available  on  the  adjustable  transformer;  the  power  ratio, 
however,  will  be  112:1  or  121. 


TABLE  XXVII 


Power  Dissipated  in  22-Ohm  Resistor  at  Various  Voltages 


I  P  —  RI 2,  watts  cal. 


cal. /hr. 
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illing  benzene  at  80°C.  ' 
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ments  for  laboratory  still  pots.  Goldsbarry  and  Askevold153  using  Glas-Col 
heating  mantles  as  their  heat  source  showed  that  a  mixture  of  n-heptane 
and  methy Icy c lohexane  could  be  distilled  at  a  rate  of  1000  and  2000  ml. 
per  hour  with  heat  inputs  of  125  and  215  watts,  respectively.  In  this  case, 
heat  losses  were  apparently  35  watts  per  hour. 

Two  general  methods  are  used  to  heat  still  pots.  The  more  common 
method  consists  in  surrounding  more  or  less  of  the  still  pot  surface  with  the 
electric  heating  element,  a  thin  layer  of  insulating  material  being  used  to 
prevent  direct  contact  of  the  element  with  the  still-pot  surface.  A  less  fre¬ 
quently  used  method  of  heating  consists  in  submerging  a  heating  element 
directly  in  the  material  being  distilled.  Sometimes  in  the  interest  of  close 
control  of  the  evaporation  rate,  the  two  methods  are  combined. 


1.  External  Heating 


Heated-oil  baths,  sand  baths,  molten-salt  baths,  and  lead-shot  baths, 
heated  either  by  gas  or  electric  power,  have  been  used  to  some  extent  for 
supplying  heat  to  still  pots,  but  the  general  inconvenience  of  several  of 
these  and  their  slow  response  to  control  have  nearly  eliminated  them  as  a 
source  of  heat.  Cylindrical-shaped  still  pots  can  be  readily  equipped  with 
an  electrical  heating  element  of  suitable  resistance  wire  or  tape.  The  in¬ 
sulated  wire  may  be  wound  directly  on  a  glass  still  pot  and  covered  with  a 
thick  layer  of  85%  magnesia  to  minimize  heat  losses.  If  bare  wire  or  tape 
is  used,  a  thin  layer  of  asbestos  paper  should  be  applied  to  the  surface  of  the 
glass  to  support  and  hold  the  wire  or  tape  in  position.  Additional  heavy 
insulation  is  then  put  over  the  resistance  element.  If  the  heater  element 
is  to  be  controlled  by  a  variable  transformer,  the  current-carrying  capacity 
of  the  wire  or  tape  should  be  of  a  size  to  carry  safely  the  total  current  avail¬ 
able  from  the  transformer,  and  the  total  resistance  of  the  element  should  be 
great  enough  to  ensure  that  the  current  will  not  exceed  the  transformer 
rating  at  the  highest  voltage  setting.  For  example,  a  variable  transformer 
supplying  5  amp.  at  110  v.  should  be  used  with  a  resistance  of  at  least  22 

ohms.  . 

ToKln  XXVTT-A  sives  data  to  guide  the  designer  in  choice  of  the  prope 


163  Goldsbarry  and  Askevold,  Symposium  on 
tion.  American  Petroleum  Institute,  Meeting 
12. 
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TABLE  XXVII-A 


Temperature,  Current,  and  Resistance  of  Nichrome  V  Wire  and  Tape0 


Wire  size 

Resistance, 

ohms/ft. 

Current, 

amp. 

Temp., 

°C. 

Vis-in.  X  0.0089-in.  tape . 

0.97 

5.7 

565 

20  gage . 

0.63 

5.07 

315 

22  gage . 

1.02 

5.0 

575 

24  gage . 

1.61 

5.06 

650 

26  gage . 

2.57 

5.25 

871 

°  Data  from  Catalog  R-46,  Driver-Harris  Company,  Harrison,  New  Jersey. 


described  above.  A  sufficient  thickness  of  asbestos  paper  should  be  ap¬ 
plied  to  the  surface  for  adequate  electrical  insulation  before  the  resistance 
wire  is  put  in  place.  Fenske  et  al.lb 4  used  this  method,  and  provided  addi¬ 
tional  heat  on  the  bottom  by  means  of  a  ring  heater.  To  aid  heat  transfer 
to  the  liquid,  copper  fins  were  brazed  onto  the  inside  surface  of  the  still 
pot.  Strip  heaters  offer  a  convenient  means  of  heating  metal  still  pots 
having  horizontal  axes.  These  heaters  are  available  shaped  to  fit  the  con¬ 
tour  of  surface,  the  heater  being  placed  parallel  to  the  axis  of  the  cylinder. 
Adequate  insulation  over  the  whole  still  pot  reduces  heat  losses. 

Electric  heaters  for  spherical  still  pots  are  difficult  to  construct.  For¬ 
tunately  the  standardization  of  round-bottom  flasks  has  led  to  the  develop¬ 
ment^  woven-glass  heating  mantles  well  suited  for  heating  spherical  still 
pots.*  These  mantles  are  available  in  several  sizes  ranging  from  500  ml. 
to  22  liters.  The  smaller  sizes  up  to  and  including  3  liters  have  one  pair 

°  Tn*  ^e[minalsi  larger  s^es  have  two  or  three  sets  of  elements  to  be 
controlled  by  a  corresponding  number  of  variable  transformers.  On  the 
smaller  mantles  a  part  of  the  heating  element  is  in  the  upper  half  of  the 
—  condensation  at  the  top  of  the  still  pot.  Heat  losses 

insulation  ^hT  e  Vah!e  by  the  use  °f  a  thick  layer  of  glass-wool 
Dots*  whpn  mant  GS  may  be  easlly  removed  from  detachable  still 

from  the  °n  PT“? 1 3  Stm  POtS’ years  of  service  may  be  expected 

exceeded.  "  the  mannfacturers’  recommendations  are  not 

St  in  ,TTha‘  UnUSUa)  design  of  external  heater  suitable  for  very  small 

ameter  and‘i.5  in'  long'  It  shps  intolt  i’f  t  ^ in.  in  di- 

g-  Slips  into  the  heater  well  of  the  still  pot  showE 

Terre  Haute,  Indiana.  Scientific 

“  408  (1932)- 
Amencan  Petroleum  Institute!  Meeting  at  Chicago, 'illtoou!' Distillatio“- 


11,  1946,  p.  17. 
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in  Figure  46.  Birch,  Gripp,  and  Nathan156  surrounded  the  spherical  still 
pot  of  their  spinning-band  column  with  an  insulated  steel  box  to  provide 
an  air  bath ;  a  1000-watt  electric  resistance  element  placed  in  the  bottom 
of  the  box  supplied  heat. 


Receiver  Droin 
Capillary  Leak 


. - -  Water  Inlet 

d -  Water  Outlet 

y  Vent 

r~ 

-Condenser 


Vacuum  Jacket 


Top  Spacers 
Packing 

Bottom  Spacers 
Drop  Counter 
Expansion  Bellows 


-Tapered  Joint 


•  Vacuum  Jacket 


50  ml.  St illput 

Heater  Well 
Chimney 


Fig.  46.  Vacuum-jacketed  still  pot  for  small  charges.165 


2.  Internal  Heaters 

Internal  heaters  are  of  two  types:  those  in  which  the  resistance  element 
is  submerged  in  the  distilland,  heat  transfer  being  by  direct  contact  of  the 
liquid  on  the  heating  element;  in  the  other  type  the  resistance  element 
transfers  its  heat  to  a  surrounding  sheath  which  in  turn  heats  the  liquid  in 
which  the  sheath  is  submerged.  Direct-heating  internal  heaters  when 
used  in  conventional  types  of  glass  still  pots  are  of  necessity  small  in  order 

166  Birch,  Gripp,  and  Nathan,  J.  Soc.  Chem.Ind.  London ,  66,  33  (1947). 
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that  they  may  be  inserted  and  properly  located.  Consequently  the 
amount  of  heat  dissipated  is  small  if  excessive  temperature  of  the  resistance 
element  leading  to  possible  thermal  decomposition  of  the  distilland  is  to  be 
avoided.  This  limits  the  usefulness  of  this  type  of  heater  to  low  vaporiza¬ 
tion  rates.  Special  still  pot  design  will  allow  the  use  of  larger  heaters  and 
greater  vaporization  rates.  As  a  matter  of  safety,  a  chaser  should  be  added 
to  a  charge  when  an  internal  heater  is  used  to  permit  complete  distillation 
of  the  charge,  and  still  have  the  heater  submerged  at  the  end  of  the  distilla¬ 
tion.  Some  electrolytic  corrosion  occurs  with  distillands  containing  water 
or  other  conducting  components  and  limits  the  life  of  an  internal  heater. 
Still-pot  charges  containing  substances  corrosive  to  the  heater  element 
should  be  avoided.  Direct-heating  internal  heaters  are  most  suitable  for 
hydrocarbon  fractionations. 

Sheathed  types  of  internal  heaters  offer  much  larger  dissipating  surfaces 
than  the  direct-heating  type;  the  surface  must  be  kept  submerged  at  all 
times  in  the  distilland.  This  type  of  heater  is  most  suitable  for  use  in 
cylindrical  still  pots  made  of  metal  where  the  design  will  allow  a  liquid- 
tight  screw  connection  between  the  heater  shank  and  the  still  pot  to  be 
made. 


Internal  heaters  function  to  best  advantage  when  they  operate  in  con¬ 
junction  with  an  external  heater,  the  latter  providing  the  major  portion  of 
the  heat  input  to  a  still  pot,  and  the  former  providing  a  varying  amount  of 
the  small  remaining  heat  requirements  to  hold  the  boil-up  rate  constant  as 
controlled  by  a  back-pressure  manometer.  Figure  44  shows  this  principle 

applied  to  a  glass  still  pot,  the  external  heat  being  supplied  by  a  mantle- 
type  heater. 


The  most  favorable  characteristic  of  the  combination  of  internal  and  ex¬ 
ternal  heaters  is  the  rapid  response  of  the  system  to  changes  in  back  pres- 
sure  when  a  back-pressure  manometer  is  used  to  control  vaporization  rate 

f”  MeT'  !P0‘;  ?f  the  energy  suPP'ied  to  a  still  pot,  a  portion  is  used 
to  hold  the  distilland  at  its  boiling  point,  and  the  remainder  supplies  the 

heat  of  vaporization.  If  the  external  heater  supplies  all  the  former  and 
Vo  ot  the  latter,  the  internal  heater  will  supply  10%  of  the  heat  of  vapori¬ 
zation  to  maintain  a  constant  evaporation  or  boil-up  rate.  The  mass  of 
he  internal  heating  element  can  be  kept  small  to  reduce  heat  lag  because 
e  total  heat  dissipated  is  smaller;  response  of  the  internal  heater  to 

accoSnglvTite  T!  “ ,contro,led  by  the  back-pressure  manometer  is 
ugly  quite  rapid.  As  an  example,  consider  a  heating  system  de 

vagptiza°tio\T93atin,g  ^  ^  benZene  Pef  h<)Ur>  OT  880  Heat  oi 

9“^o^oS>' f"  b,e,88ox 

mantle  therefore  wi„  be  retired  to'  supply^ 


268 


A.  L.  GLASEBROOK  AND  F.  E.  WILLIAMS 


watts,  or  85  watts.  1  he  internal  heater  will,  accordingly,  supply  9  watts. 
If  its  resistance  is  2  ohms,  the  current  will  be,  from  P  =  RP,  I  =  y/P/R  = 
V9/2  =  2.06  amperes.  This  will  be  the  average  current;  to  allow  the 
necessary  control  by  the  back-pressure  manometer,  a  resistance  of  1.4 
ohms  will  be  hooked  in  series  with  the  heater,  and  5.16  v.  will  be  impressed 
across  the  pair  in  series ;  during  this  period  the  internal  heater  will  dissipate 
4.5  watts.  As  the  boil-up  rate  drops,  the  back-pressure  manometer  will 
short  out  the  series  resistor,  and  increase  the  dissipation  of  the  internal 
heater  to  13.5  watts  to  restore  the  boil-up  rate  of  the  benzene.  A  small 
transformer  with  a  110-v.  primary,  and  10-v.,  5-amp.  secondary,  powered 
from  a  variable  transformer  will  allow  a  wide  range  of  adjustment  of  the 
power  dissipation  in  the  internal  heater ;  direct  operation  of  the  low-voltage 
internal  heater  from  the  variable  transformer  is  neither  safe  nor  convenient. 

The  internal  heater  of  Figure  44  is  made  by  winding  38  in.  of  No.  20 
Nichrome  wire  on  a  steel  mandrel  1  in.  in  diameter;  spacing  between  turns 
is  one  wire  diameter.  After  the  winding  is  completed,  the  wire  is  heated  to 
redness  in  an  air-gas  flame  to  “set”  the  turns  so  that  the  coil  will  hold  its 
shape  and  size  when  it  is  removed  from  the  mandrel.  The  ends  of  the 
wire  are  then  bent  to  meet  the  two  tungsten  leads  of  the  glass  closure  tube 
of  the  still-pot,  charge  line;  connection  to  the  tungsten  leads  is  by  silver 
soldering. 

3.  Control  of  Heat  Input 


Heat  input  to  the  still  pot  of  a  fractionating  column  is  one  of  the  impor¬ 
tant  operat  ing  variables  in  a  distillation.  Too  little  or  too  much  heat  lead, 
respectively,  to  interruption  of  reflux  or  to  flooding;  between  these  ex¬ 
tremes  the  proper  choice  of  heat  input  will  determine  the  column  efficiency 
to  some  extent,  the  reflux  ratio  in  columns  having  constant  take-off,  and 
the  optimum  productivity  of  the  column.  It  has  been  shown157  that  the 
efficiency  of  a  Hyper-cal  fractionating  column  varies  from  92  theoretical 
plates  at  a  boil-up  rate  of  500  ml.  per  hour  to  48  plates  at  2000  ml.  per  hour. 
These  results  were  confirmed,  in  a  general  way,  in  another  column  of  the 
same  type.158  The  same  investigators  showed,  however,  that  a  perfo¬ 
rated-plate  column  ami  a  helix-packed  column  of  the  same  packed  length 
and  diameter  lost  efficiency  quite  slowly  with  increasing  boil-up  rate. 
Collins  and  Lantz159  confirmed  the  work  on  perforated-plate  columns. 
Reed's160  work  on  a  Ewell  column  indicated  some  decrease  in  efficiency  with 


Brandt,  Perkins,  and  Halverson,  Symposium  H^em7[a^T6  ®istlllatlon- 
American  Petroleum  Institute,  Meeting  at  Chicago,  Illinois,  Nov.  11,  1946  P- •  l- 

Goldsbarry  and  Aakevold,  Symposium  »»  High^Temperature  D^llat.on,  p.  12. 

1*0  Collins  and  Lantz,  Ind.  Eng.  Chem.,  Anal.  Ed.,  18,  67 3  (L  4  ,  American 

«  Reel,  C.  R„  Symposium  on  High-Temperature  Analytical  Distillation.  Amen 

Petroleum  Institute,  Meeting  at  Chicago,  Illinois,  Nov.  11,  1946,  p.  . 
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increasing  boil-up  rate.  High-efficiency  helix-packed  columns  (of  100 
theoretical  plates)  have  been  found  to  lose  efficiency  as  boil-up  rate  in¬ 
creases.  If  it  is  assumed  that  these  results  as  measured  under  total  reflux 
are  indicative  of  column  behavior  with  finite  reflux  ratios,  the  importance 
of  control  of  boil-up  rate  with  many  types  of  columns  is  apparent,  particu¬ 
larly  in  those  instances  requiring  the  highest  efficiency  from  a  given  column 
for  a  critical  separation. 

Columns  using  constant  take-off  devices  are  more  sensitive  to  changes 
in  boil-up  rate  than  are  those  using  the  intermittent  type  of  take-off.  With 
the  former,  an  increase  of  boil-up  rate  will  change  the  reflux  ratio  in  a  favor¬ 
able  direction,  and  a  decrease  in  boil-up  rate  will  lower  the  reflux  ratio  for 
an  adverse  effect.  A  certain  amount  of  compensation  may  take  place  if 
column  efficiency  increases  or  decreases,  respectively,  with  decreases  or 
increases  in  boil-up  rate.  With  intermittent  take-off,  where  the  partition¬ 
ing  mechanism  gives  reasonably  good  approximations  of  the  true  reflux 
ratio,  changes  of  boil-up  rate  are  less  serious  except  insofar  as  such  changes 
adversely  affect  column  efficiency.  As  a  practical  procedure,  operation  of  a 
column  should  be  confined  to  conditions  in  which  efficiency  is  not  unduly 
sensitive  to  boil-up  rate. 

Control  of  heat  input161  to  the  still  pot  can  be  either  manual  or  auto¬ 
matic  ;  both  require  some  means  of  measuring  boil-up  rate,  either  in  arbi¬ 
trary  terms  or  in  absolute  terms  by  precalibration,  and  of  detecting  changes 
in  boil-up  rate  in  order  that  appropriate  changes  of  controlling  elements 
may  be  made.  The  most  commonly  used  device  for  measuring  boil-up 
rate  is  a  back-pressure  manometer,  one  leg  of  which  is  connected  to  the 
still  pot  and  the  other  leg  to  the  top  of  the  condenser  section.  Either 
mercury  or  other  liquid  of  low  volatility  is  used  as  the  manometer  fluid. 
Columns  operating  with  small  pressure  drop  require  low-density  liquids  to 
show  significant  changes  for  small  variations  in  boil-up  rate. 

A  back-pressure  manometer  simply  measures  the  difference  in  pressure 
arising  from  the  flow  of  vapor  through  the  constrictions  of  the  column  pack¬ 
ing  between  the  still  pot  and  the  top  of  the  reflux  condenser,  as  so  manv 
units  of  length  of  the  manometer  fluid.  To  be  a  measure  of  boil-up  rate 

lerelat^nship  between  back  pressure  and  the  grams  or  milliliters  of  liquid 

must  beTestahl ‘  b  ^  °f  timG’  °F  evaPorated  from  the  still  pot 

ust  be  established  by  independent  means.  A  calibration  of  this  kind  ap- 

temperature  £Sd°  T  calibratin6  in  »  Particular  column  at  a  single 
temperature  level.  Two  or  more  liquids  similar  in  structure  and  boiline 

Po  nt  should  give  closely  related  calibration  curves  in  a  given  column 

*  fractionation  of  such  mixtures,  the  boil-up  rate  should  remain  com 

0/  Organic  Chemistry,  th'8  Se"eS '  Ph»sical  Methods 
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stant  for  a  given  back  pressure.  On  the  other  hand,  a  mixture  of  structur¬ 
ally  different  components  whose  molal  heats  of  vaporization  differed  widely, 
and  \\  hose  individual  calibration  curves  of  boil-up  rate  versus  back  pressure 
showed  wide  differences,  would  probably  exhibit  a  variety  of  boil-up  rates 
for  a  given  back  pressure  during  a  fractionation  of  the  mixture.  The  initial 
boil-up  rate  of  the  mixture  would  be  some  average  of  the  curves  of  the  indi¬ 
vidual  components;  as  the  fractionation  proceeded,  the  composition  of  the 
distilland  would  change,  and  hence  the  boil-up  rate  would  change.  It 
would  be  necessary  under  these  circumstances  to  determine  the  boil-up 
rate  during  the  distillation  by  an  absolute  method  in  order  to  maintain  a 
constant  flow  of  vapor  at  the  head  of  the  column.  With  a  properly  con¬ 
structed  condenser  system  operating  on  the  principle  of  intermittent  take¬ 
off,  changes  in  the  boil-up  rate  are  indicated  by  an  increase  or  decrease  in 
the  time  required  to  collect  a  given  amount  of  product,  provided  the  ap¬ 
parent  reflux  ratio  is  kept  constant.  Necessary  adjustment  of  the  back 
pressure  may  then  be  made  to  restore  the  desired  boil-up  rate. 

Available  information  on  pressure  drop  versus  boil-up  rate  is  meager. 
Hall  and  Jonach162  report  pressure  drop  in  one  column  in  mm.  of  mercun^ 
at  a  boil-up  rate  of  150  ml.  per  hour  as  follows:  C8  alkylate  2.5,  C12  alkylate 
3.5,  benzene  3.6,  toluene  3.9,  and  xylene  5.0.  Goldsbarry  and  Askevold158 
made  measurements  on  methylcyclohexane-heptane  mixtures  in  three 
columns.  Their  results  are  shown  in  Figure  47.  (“Feed  rate”  is  the  total 
vapor  leaving  the  still  pot  and  represents  the  vapor  condensed  at  the  head 
plus  internal  condensation  in  the  column  arising  from  imperfect  insulation 
or  heat-loss  compensation.)  It  is  apparent  that  back-pressure  readings 
give  substantially  no  measure  of  true  boil-up  rate  over  the  range  1000-3000 
ml.  per  hour  in  the  perforated-plate  column.  In  the  Heli-Grid  packed 
column,  the  back  pressure  is  very  nearly  a  linear  function  ol  feed  rate  be¬ 
tween  800  and  2600  ml.,  while  in  the  helix-packed  column  the  back  pressure 
changes  slowly  and  nonlinearly  with  feed  rate  up  to  about  1800  ml.  pei 
hour,  and  linearly  to  about  3000  ml.  per  hour.  The  helix-packed  column 
was  maintained  adiabatic  by  heated  jackets  which  allowed  internal  reflux 
of  620  ml.  per  hour,  whereas  the  Heli-Grid  column  was  vacuum-jacketed 
and  had  internal  reflux  of  305  ml.  per  hour.  These  differences  in  internal 
reflux  may  have  contributed  to  the  differences  in  the  character  of  the  back¬ 
pressure  curve. 

It  is  apparent  that  the  back  pressure  or  pressure  drop  through  a  column 
may  be  kept  constant,  either  by  manual  or  automatic  control,  but  the  abso¬ 
lute  value  of  back  pressure  will  indicate  the  true  amount  of  vapor  reaching 
the  condenser  only  when  sufficient  calibration  data  have  been  established. 


»«  Hall,  H.  J„  and  Jonach,  Symposium  on  High-Temperature  AndytoJ  Distillation, 
American  Petroleum  Institute,  Meeting  at  Chicago,  Illinois,  Nov.  11,  194b,  p.  . 
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An  effective  method163  for  determining  boil-up  rate  consists  of  introducing 
a  thermocouple  into  the  outlet  and  inlet  lines  ol  the  head  condenser,  the 
couple  in  the  inlet  line  serving  as  the  cold  junction.  In  this  way  changes 
in  temperature  of  the  entering  water  will  not  affect  the  measurements. 
During  the  time  a  measurement  is  made,  the  flow  ol  water  has  to  be  held 
at  a  known  constant  value.  Suitable  baffles  should  be  placed  in  the  con¬ 
denser  to  ensure  thorough  mixing  of  the  water,  and  proper  insulation  should 


be  placed  around  the  condenser  to  prevent  heat  losses.  Calculation  of  the 
boil-up  rate  is  simple : 


VB  =  tw/\ 

where  VB  is  boil-up  rate  grams  per  hour,  w  is  grams  of  water  flowing  through 
the  condenser  per  hour,  X  is  latent  heat  of  vapor  in  calories  per  gram,  and 
t  is  temperature  of  the  water  ( t  is  not  the  true  temperature  of  the  water, 
but  the  increase  in  its  temperature  resulting  from  heat  picked  up;  the  ar¬ 
rangement  of  the  thermocouples,  however,  gives  the  apparent  temperature 

°,  'u  Boil"Up  rate  determined  by  this  method  is  accurate  to 

about  o%,  if  the  water  rate  is  held  sufficiently  constant  during  the  time  a 
temperature  measurement  is  being  made,  and  if  the  temperature  is  great 

r,t  °f  Perimt't  an  aCT‘?  measuremen‘  to  be  made.  This  method  is 
excellent  for  determining  boil-up  rate  versus  back  pressure  for  a  series  of 

pure  compounds  whose  mixtures  are  to  be  fractionated.  Its  usefulness  is 
limited  to  those  compounds  whose  heat  of  vaporisation  is  known  or  may  be 

163  Fenske,  Quiggle,  and  Tonberg,  Ind.  Eng.  Chem.,  24,  408  (1932). 
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calculated  from  vapor-pressure  data.  By  suitable  construction  of  the 
condenser  system,  this  method  can  be  used  to  check  the  boil-up  rate  during 
a  distillation  and  indicate  appropriate  changes  in  the  setting  of  a  controlling 

back-pressure  manometer  to  maintain  a  pre¬ 
scribed  boil-up  rate. 

The  usual  back-pressure  manometer  con¬ 
sists  of  a  simple  U-tube  partly  filled  with  a 
fluid  of  low  volatility.  One  leg  of  the  tube 
is  connected  to  the  top  of  the  reflux  con¬ 
denser,  and  the  other  leg  to  the  still  pot  at  a 
point  not  exposed  to  the  hot  vapor  from  the 
distilland.  Safety  traps  are  usually  attached 
to  each  leg  to  catch  the  liquid  contents  of 
the  U-tube  in  the  event  the  back  pressure 
exceeds  the  range  of  the  manometer,  either 
as  a  result  of  excessive  heat  input  to  the  still 
pot  or  by  violent  bumping  of  the  charge  as 
sometimes  occurs,  particularly  when  water  is 
present  in  the  charge.  Figure  48  is  an  ex¬ 
ample  of  a  satisfactory  back-pressure  ma¬ 
nometer.  Mercury,  dibutyl  phthalate, 
propylene  glycol,  diethylene  glycol,  or  lubri¬ 
cating  oil  of  light  grade  may  be  used  as  the 
manostatic  fluid;  mercury  offers  the  great¬ 
est  possible  range  of  pressure  in  a  given  in¬ 
strument,  but  low  sensitivity;  lower-density 
liquids  reduce  the  pressure  range  but  offer 
the  advantage  of  increased  sensitivity, 
greater  by  a  factor  of  10  to  15.  Mercury 
or  the  glycols  containing  a  small  amount  of 
dissolved  sodium  nitrite  may  be  used  when 
conductivity  of  the  manostatic  fluid  actuates 
an  electronic  switch  for  control  purposes, 
trolling  heat  input.  Nonconducting  liquids  may  be  used  as 

manostatic  fluids  in  controlling  manometers  if  a  photoelectric  control  is 
used.164 

Certain  precautions  should  be  observed  in  working  with  back-pressure 
manometers.  During  the  preflooding  operation,  the  high-pressure  side 
of  a  low-range  manometer  should  be  closed  by  a  valve  just  before  the  opera¬ 
tion  is  started,  and  the  valve  opened  when  normal  boil-up  is  resumed. 


ie<  Hall,  S.  A.,  and  Palkin,  Ind.  Eng.  Chew.,  Anal.  Ed.,  14,  652  (1942). 
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Introduction  of  a  very  slow  stream  of  carbon  dioxide  or  nitrogen  gas  into 
the  still  pot  through  the  back-pressure  line  will  stop  any  diffusion  of  vapor 
into  the  line  during  the  preflooding  period.  1  or  2  ft.  of  2-ram.  capillary 
tubing  used  as  a  section  of  the  high-pressure  line  next  to  the  still  pot  will 
help  to  minimize  diffusion  of  vapor  toward  the  manometer.  Variations  in 
the  temperature  of  the  gas  in  the  high-pressure  line  to,  and  in  the  body  of, 
the  back-pressure  manometer  undoubtedly  lead  to  variations  of  boil-up 
rate  if  the  back  pressure  is  maintained  constant.  Diffusion  of  the  gas  into 
the  still-pot  vapor  is  an  unknown  factor  in  the  behavior  of  the  manometer. 
Its  simplicity  and  general  adaptability  to  automatic  control  of  boil-up  rate 
has  made  the  back-pressure  manometer  a  popular  auxiliary  of  many  distil¬ 
lation  columns,  but  unless  boil-up  rates  are  checked  frequently  by  a  more 
reliable  and  independent  method,  considerable  uncertainty  attends  its  use. 


4.  Reflux-Temperature  Measurement 

Fractionating  columns  are  usually  equipped  with  a  thermometer  or  other 
temperature-measuring  device166  located  at  a  position  immediately  outside 
the  fractionating  section  where  the  issuing  vapor  impinges  on  the  measuring 
element  on  its  way  to  the  condenser  section.  In  a  properly  constructed 
column,  the  temperature  indicated  is  the  vapor-liquid  equilibrium  tempera¬ 
ture,  or  very  nearly  so.  If  the  column  is  producing  a  substantially  pure 
compound,  the  indicated  temperature  will  be  the  boiling  point  of  the  com¬ 
pound  at  the  prevailing  pressure;  if  the  column  is  producing  a  mixture  of 
two  or  more  compounds,  the  indicated  temperature  will  be  the  boiling  point 
of  the  mixture  of  a  specific  composition.  (Azeotropic  mixtures,  either  bi¬ 
nary  or  ternary  in  composition,  act  as  a  pure  compound  at  a  given  pressure.) 
The  above  statements  are  true  if  the  quantity  of  vapor  is  sufficient  to  supply 
all  heat  losses,  either  of  radiation  or  conduction,  of  the  thermometric  ele¬ 
ment,  and  if  the  vapor  is  not  superheated.  Unavoidable  small  heat  losses 
rom  the  element  provide  a  thin  layer  of  condensate  to  establish  the  desired 
liquid-vapor  equilibrium  condition  for  correct  temperature  reading. 

roper  placement  of  the  thermometric  element  in  the  vapor  stream  is  of 
primary  importance  to  ensure  the  closest  approach  to  true  vapor-liquid 
equilibrium-temperature  readings.  In  low-temperature  columns,  this  con- 

conduct  Z  7  fabliihed  by  the  use  of  an  vacuum  jacket  to 

conduct  the  vapors  from  the  rectifying  section  to  the  thermometric  ele¬ 
cted  eithe  I  0  meanS  Sb°Uld  be  PTOvided  t0  keeP  the  thermometer 

thermometer  TnVT T'0”’  °'  by  dlrectln«  a  Part  of  the  reflux  onto  the 
ermometer.  In  h.gh-temperature  columns,  the  possibility  of  super- 

b  this  series: 
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heating  is  unlikely  under  proper  operating  conditions,  and  hence  insulation 
is  used  to  prevent  excessive  heat  losses.  At  very  low  pressures  (1  to  10 
mm.),  polished-metal  radiation  shields  and  external  heaters  may  be  neces¬ 
sary  to  minimize  heat  losses  to  ensure  correct  temperature  readings. 

In  many  column  designs,  the  thermometric  element  is  part  of  the  con¬ 
denser  system,  as  is  indicated  in  Figures  37  to  46.  Fenske  et  aL,163  on  the 

other  hand,  using  thermocouples  for 
temperature  measurements,  buried  them 
several  inches  in  the  packing  of  the  rec¬ 
tifying  section  to  ensure  true  vapor-liquid 
equilibrium.  This  system  requires  that 
the  measuring  element  be  far  enough 
below  the  top  of  the  packing  to  allow  the 
cold  reflux  to  reach  equilibrium  tempera¬ 
ture  before  contact  is  made  with  the 
thermometric  element.  The  vapor-liquid 
equilibrium  temperature  so  indicated  may 
be  higher  than  the  temperature  measured 
just  above  the  top  of  the  packing  because 
of  the  fractionation  occurring  in  the 
packed  section  above  the  thermocouple. 
Willingham  and  Rossini166  used  a  design 
in  which  a  resistance  thermometer  was 
located  in  an  unpacked  section  of  a 
column  immediately  above  the  top  of  the 
packing.  The  vacuum  jacket  extended 
very  nearly  to  the  terminal  block  of  the 
thermometer  and  hence  provided  excellent 
insulation  against  heat  losses  and  con¬ 
sequent  errors  in  temperature  readings. 
The  vapor  conduit  to  the  total  condenser 


well. 


was  sealed  to  the  column  just  above  the  vacuum  jacket.  This  design  is 
probably  ideal  for  proper  placement  of  the  thermometric  element,  but  is 
usable  only  with  resistance  thermometers  of  suitable  length,  or  with  ther¬ 
mocouples,  as  shown  in  Figure  49.  Partial-immersion  thermometers  do 
not  have  enough  immersible  length  to  permit  the  thermometer  to  be  in¬ 
serted  to  the  correct  depth  and  still  provide  for  connection  of  the  vapor 

conduit  to  the  condenser.  ,  0 

Measuring  Devices.  Three  devices  based  on  three  different  principles 
are  commonly  used  to  measure  vapor-liquid  equilibrium  temperatures: 


i6G  Willingham  an 


d  Rossini,  J.  Research  Natl.  Bur.  Standards,  37, 


13  (1943). 
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(a)  the  liquid  (usually  mercury) -in-glass  thermometer,  (6)  the  thermo¬ 
couple,  and  (c)  the  resistance  thermometer. 

Thermometers.  The  liquid-in-glass  thermometer  is  the  oldest,  simplest, 
and  least  expensive  of  temperature-measuring  instruments;  for  these 
reasons  it  is  still  a  favorite  means  of  determining  vapor-liquid  equilibrium 
temperatures  in  fractionating  columns.  The  working  range  of  liquid-in¬ 
glass  thermometers  covers  the  interval  —190°  to  500  C.,  and  hence,  is 
entirely  adequate  for  use  in  distillation  columns.167 

Two  designs  of  thermometers  are  available  for  general  use.  The  total- 
immersion  type  requires  the  thermometer  to  be  immersed  in  the  medium 


whose  temperature  is  being  measured  to  a  depth  sufficient  to  bring  all 
liquid  in  the  thermometer  to  the  temperature  of  the  medium ;  this  type  is 
generally  small  and  of  limited  range  for  each  thermometer  of  a  series.  Suit¬ 
able  design  of  a  still  head  will  allow  total  immersion  thermometers  to  be 
used  in  distillation  work  where  the  range  of  vapor-liquid  temperature  is 
small,  but  the  general  practice  is  to  allow  greater  latitude  by  using  partial- 
immersion  types  of  thermometers. 

Partial-immersion  thermometers  are  constructed  to  give  the  correct  or 
nearly  correct  reading  of  a  temperature  when  they  are  immersed  to  a  specified 
depth  in  the  vapor  whose  temperature  is  being  measured.  This  commend¬ 
able  effort  on  the  part  of  the  manufacturers  cannot  overcome  the  variations 
of  indicated  temperature  arising  from  the  variable  temperature  of  the  emer¬ 
gent  stem  of  the  thermometer;  nor  is  it  generally  possible  to  create  a  still- 
head  design  which  allows  adequate  circulation  of  vapor  around  the  section 
of  the  thermometer  specified  for  immersion.  Generally,  a  pocket  exists 
where  the  thermometer  enters  the  still  head  and  poor  vapor  circulation  pre¬ 
vails.  These  two  factors  introduce  errors  in  the  indicated  readings  that  are 
not  easily  corrected. 

Thermometers  must  of  necessity  be  located  in  the  vapor  stream  leaving 
the  fractionating  section ;  this  position  offers  no  problem  in  reading  with 
short  fractionating  columns  operated  from  floor  level;  but  taller  columns 
require  the  use  of  a  ladder  or  superstructure  to  make  the  thermometer  ac¬ 
cessible  for  reading.  When  a  battery  of  columns  is  under  the  care  of  one 
operator,  this  expedient  is  entirely  too  burdensome  and  time  consuming. 
The  objectionable  features  of  liquid-in-glass  thermometers  can  be  largely 
o\  eicome  y  one  of  the  electrical  methods  of  temperature  measurement. 

lermocouples.  In  the  practical  application  of  thermoelectric  thermom- 
e  ry  on  y  a  few  pairs  of  metals  have  received  wide  application  These 
are  shown  in  Table  XXVIII.  Any  of  the  four  couples,  commonly  called 
base-metal  types,  of  the  above  list  are  satisfactory  for  measuring  vapor- 
qUld  equll,br,um  temPeratures  in  distillation  columns  where  the  tempera- 

>Ua~' md  °°nM  /-***.  Rein- 
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TABLE  XXVIII 


E.M.F. 

— 

Couple 

100°C. 

200°C. 

Copper-Constantan . 

Iron-Constantan . 

Chromel-Constantan  .... 

6  30 

9.29  mv. 
10.78 

13.30 

8.13 

Chromel-Alumel . 

tuie  will  not  exceed  about  300°C.  Iron-constantan  and  Chromel— constan- 
tan  have  somewhat  greater  thermal  E.M.F.  for  a  given  temperature  com¬ 
pared  to  the  other  two,  but  the  difference  is  not  marked.  Copper-constan- 
tan  thermocouples  offer  certain  distinct  advantages.  This  pair  is  usable 
over  the  range  —200  to  350°C.;  since  one  element  of  the  couple  is  copper, 
a  relatively  short  length  of  constantan  can  be  used  to  form  one  couple  for 
the  high-temperature  position  and  the  other  couple  for  the  reference  junc¬ 
tion  located  nearby ;  long  leads  of  low-resistance  copper  wire  can  then  be 
used  to  connect  to  the  measuring  instrument  at  a  convenient  position  for 
operation.  Number  28  or  30  gage  copper  and  constantan  wire,  insulated 
with  enamel  and  silk,  are  satisfactory  for  most  purposes,  the  smaller  wire 
being  preferred  from  the  point  of  view  of  low  conductivity  of  heat  from  the 
junction. 

Construction  of  a  junction  is  simple;  insulation  is  removed  from  about 
y2  in.  of  the  ends  of  the  two  wires  forming  the  couple;  enamel  insulation 
can  be  removed  by  use  of  fine  emery  paper.  The  two  bared  ends  are  then 
twisted  together,  and  given  a  very  light  coat  of  a  flux  suitable  for  silver 
soldering.  A  loop  about  1/a  to  3/u  in.  in  diameter  is  formed  at  the  end  of  a 
G-in.  length  of  No.  18  Nichrome  wire,  and  filled  with  silver  solder*  in  a 
small  air-gas  flame.  After  the  solder  in  the  loop  is  molten,  it  can  be  kept 
in  this  condition  by  holding  the  flame  slightly  above  the  loop.  The  pre¬ 
pared  couple  is  then  slipped  through  the  molten  solder  and  immediately 
withdrawn.  The  couple  will  be  found  to  have  a  thin  uniform  coat  of  solder, 
and  will  not  have  been  heated  long  enough  to  cause  undesirable  changes  in 
the  character  of  the  metals.  About  3/8  in.  of  the  tip  of  the  couple  is  then 
cut  off,  any  adhering  flux  removed,  and  the  construction  is  complete.  The 
other  junction  is  similarly  prepared.  The  finished  couples  are  shown  dia- 
grammatically  in  Figure  50. 

A  thermocouple  should  be  protected  by  a  suitable  well  to  prevent  corro¬ 
sion  of  the  couple  by  chemical  reaction  with  components  of  the  vapor 
stream.  The  small  physical  dimensions  of  a  couple  constructed  from  the 

*  Manufacturers  of  silver  solder  and  fluxes:  Handy  and  Harman,  New  V ork,  N.  Y., 
Whitehead  Metal  Products  Company,  New  York,  N.  Y.;  American  1  latinum  or 

Newark,  N.  J. 
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recommended  size  of  wire  permits  the  use  of  small-diameter  wells,  h  or 
greater  mechanical  strength,  only  the  lower  end  of  the  well,  for  a  length  of 
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Fig.  50.  Thermoelectric  circuit  for  temperature  measurement. 

10  to  15  diameters,  need  be  made  small  diameter.  A  suitable  design  for 
sealed-in  construction  is  shown  in  Figure  49.  About  y2  in.  of  high-boiling 
liquid  such  as  dibutyl  phthalate  should 
be  introduced  into  the  test-tube  end  with 
a  capillary  pipet  before  the  couple  is 
placed  in  position.  This  will  ensure  ex¬ 
cellent  heat  transfer  to  the  junction.  As 
soon  as  the  column  is  in  operation  with  a 
liquid  whose  boiling  point  is  near  the 
highest  temperature  at  which  the  column 
is  to  be  operated,  a  cork  should  be  in¬ 
serted  firmly  in  the  top  of  the  thermom¬ 
eter  well,  and  completely  covered  with 
Apiezon  W  wax  to  provide  a  vacuum-tight 
seal.  This  will  prevent  “breathing”  of 
the  well  and  prevent  hydrolysis  of  the 
dibutyl  phthalate  and  subsequent  corro¬ 
sion  of  the  couple. 

Multiple-junction  thermocouples,  in 
series,  may  be  used  to  give  greater  thermal 
E.M.F.  for  a  given  temperature  level  to 
provide  greater  sensitivity.  Space  limi¬ 
tations  in  laboratory  columns  limit  the 
number  of  junctions  to  two  or  possibly 
three.  Installation  is  more  difficult  than 
with  single  junctions  since  each  junction 

must  be  well  insulated  from  its  com-  Flg-  51-  Thermocouple  well  for 
panion  to  avoid  short  circuits;  this  is  double-junction  thermocouple. 

most  easily  accomplished  by  installing  multiple-tin  wells  tn  l  +  . 

e  ement  or  by  use  of  the  construction  shown  in  pLure  51  Thi  n  Vt 
should  have  enough  high-boiling  liquid  in  the  bottom' to  provide  htt 


.TOP  OF 
PACKING 
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transfer  to  the  two  couples.  (It  may  be  mentioned  that,  by  removal  of 
the  thermocouples  and  the  high-boiling  liquid,  the  U-tube  may  be  used  as 
a  condenser  for  measuring  boil-up  rates  by  the  method  outlined  in  Section 
V3.) 

Thermocouples  for  determining  vapor-liquid  equilibrium  temperatures 
can  be  most  readily  calibrated  in  situ.  A  suitable  amount  of  a  pure  com¬ 
pound  of  known  boiling  point  may  be  charged  to  the  still  pot,  the  column 
put  into  operation,  and  kept  under  total  reflux.  Traces  of  water  may  be 
removed  from  the  system  by  withdrawing  a  few  grams  of  the  distillate. 
The  thermal  E.M.F.  developed  at  several  boil-up  rates  should  be  identical 
for  a  given  charge  of  pure  material.  If  significant  variations  of  E.M.F. 
develop  under  different  boil-up  rates,  improper  placement  of  the  thermo¬ 
couple  is  indicated.  Three  or  four  check  points  in  the  proposed  working 
range  of  the  thermocouple  will  suffice  to  establish  the  necessary  corrections 
to  be  applied  to  measured  E.M.F.  to  give  true  temperature  readings  on 
conversion  from  standard  tables. 

The  reference  junction  for  thermoelectric  systems  on  laboratory  columns 
is  most  easily  maintained  constant  by  the  use  of  a  bath  of  ice  and  distilled 
water;  one-quart  wide-mouth  Thermos  bottles  are  suitable  containers 
for  this  purpose.  A  well  similar  to  that  shown  in  Figure  49  should  be  pro¬ 
vided  for  shielding  the  junction.  The  reproducibility  of  the  ice  point  is 
excellent,  variations  being  0.0002°C.  or  less.168  This  is  smaller  by  a  factor 
of  fifty  than  the  variation  expected  in  the  most  precise  column  operation. 
Automatic  cold-junction  compensators  used  in  some  industrial  instruments 
are  not  satisfactory  substitutes  for  an  ice-bath  reference  junction  if  tempera¬ 
tures  are  to  be  measured  to  0.1°  C.,  or  less. 

Precise  measurement  of  the  E.M.F.  of  a  thermocouple  is  possible  only 
with  a  potentiometer.  The  principle  of  this  instrument,  the  history  of  its 
development,  and  the  precision  of  its  measurements  are  fully  discussed  by 
White.169  Potentiometers  of  moderate  sensitivity  are  usually  suitable  for 
measuring  the  E.M.F.  of  thermocouples  from  which  vapor-liquid  equilib¬ 
rium  temperatures  are  derived.  Portable,  double-range  instruments  hav¬ 
ing  scales  of  0-10.1  and  0-101  mv,  and  0-16  and  0-80  mv.  are  available 
commercially.*  On  the  lower  ranges  of  these  instruments,  the  smalles 
dial  division  of  the  slide  wire  represents  0.005  mv.:  the  temperature 
equivalent  is  0.1  °C.  when  a  copper-constantan  thermocouple  is  being  use 
Interpolation  will  permit  less  than  0.005  mv.  to  be  read  on  these  instru- 


*  Leeds  &  Northrop  Company,  and  Rubicon  Company,  Philadelphia,  Pennsylvania. 
Thomas,  in  Temperature,  Its  Measurement  and  Control  in  Science  and  Industry,  p. 


159. 

169  White,  in  Temperature, 


Its  Measurement  and  Control  in  Science  and  Industry,  p.  265. 
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ments,  but  unless  more  sensitive  galvanometers  than  those  built  into  the 
instruments  are  used,  interpolation  is  not  justified. 

Leads  to  the  potentiometer  should  have  low  resistance  to  permit  accurate 
readings  of  E.M.F.  If  the  thermocouples  are  made  of  fine  wire,  long  leads 
to  the  instrument  may  be  of  coarser  low-resistance  wire  (No.  16  or  18  gage) 
by  use  of  the  construction  shown  in  Figure  52.  The  temperature  of  the 
two  cold  junctions  must  be  identical  and  known  if  true  temperature  read¬ 
ings  are  to  be  obtained. 

The  advantages  of  the  thermoelectric  system  for  determining  vapor- 
liquid  equilibrium  temperature  are  apparent.  Compared  to  liquid-in- 
glass  thermometers,  there  is  no  error  corresponding  to  emergent  stem  error; 
the  temporary  or  permanent  changes  in  volume  of  the  bulb  of  thermometers 
have  no  counterpart  in  thermocouples;  the  mass  of  the  sensitive  part  of  a 
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Fig.  52.  Circuit  to  provide  low-resistance  leads  to  potentiometer. 

thermocouple  can  be  made  quite  small  and  hence  it  responds  to  changes  in 
temperature  more  rapidly  than  a  thermometer.  The  indicating  instru¬ 
ment  can  be  located  at  a  convenient  position  reasonably  remote  from  the 
column;  when  a  number  of  columns  are  under  the  care  of  one  operator  a 
central  operating  position  can  be  permanently  set  up  at  which  complete 
theimal  data  on  all  the  columns  can  be  obtained. 

Resistance  Thermometers.  The  operating  principles  and  methods  of  using 
resistance  thermometers  have  been  discussed  in  detail  elsewhere  "Mu 
As  a  means  of  measuring  vapor-liquid  equilibrium  temperatures  in  distilla- 

CfTT  they  htve  n0t  had  wide  USe-  At  the  National  Bureau  of 
Standards,  however,  they  are  used  in  preference  to  thermocouples.'” 

or  measuring  vapor-liquid  equilibrium  temperatures  in  distillation 

columns,  the  resistance  thermometer  offers  the  highest  accuracy  and  maxi 

mum  reliability  and  reproducibility.  It  is  less  convenient  to  use  than  Z 

J  iD  Tempemture ■  Control  in  Science  and  Industry,  p. 

New  *  °rgank  2"d  flterscience, 

"  Wl"ingham  and  ftossini,  J.  Research  Natl.  Bur.  Standards,  37,  15  (1946). 
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moelectric  systems  because  each  temperature  reading  is  derived  from  two 
instrument  readings,  compared  to  one  instrument  reading  for  thermoelec¬ 
tric  systems;  the  latter,  on  the  other  hand,  require  proper  maintenance  of 
the  cold  junction.  The  large  physical  size  of  resistance  thermometers 
compared  to  thermocouples  makes  their  use  less  convenient  on  most  col¬ 
umns  and  impossible  on  very  small  columns.  Their  large  heat  capacity 
compared  to  that  of  thermocouples  reduces  their  speed  of  response  to 
temperature  changes  to  a  value  far  below  that  of  thermocouples.  Initial 
cost  of  instruments  for  resistance  thermometry  is  much  greater  than  a  suit¬ 
able  potentiometer  and  associated  equipment  for  measuring  temperatures 
thermoelectrically.  The  latter  system  is  an  excellent  compromise  between 
the  high  cost  and  reliability  of  resistance  thermometry,  and  the  low  cost  and 
poor  reliability  of  liquid-in-glass  thermometers. 


VI.  PRESSURE  CONTROL 


1.  General 

Precise  measurement  of  vapor-liquid  equilibrium  temperature  has  a 
definite  meaning  only  when  the  pressure  at  which  the  temperature  is 
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Fig.  53.  Temperature-vapor  pressure  curve. 

measured  is  closely  controlled.  If  a  pure  compound  is  being  distilled,  for 
example  the  vapor-liquid  equilibrium  temperature  is  the  temperature  at 
which  the  compound  has  a  vapor  pressure  equal  to  the  operating  pressure 
at  the  head  of  the  column;  if  the  operating  pressure  is  lowered  or  raised, 
vapor-equilibrium  temperature  will  decrease  and  increase,  respectively. 
A  generalized  picture  of  the  manner  in  which  vapor  pressure  changes  with 
temperature  is  shown  in  Figure  53. 


II. 


ORDINARY  FRACTIONAL  DISTILLATION 


281 


Consider  T  the  temperature  at  which  the  vapor  pressure  of  a  compound  is  1 
atmosphere,  or  760  mm.  of  mercury.  Small  change  in  temperature  makes  large 
changes  in  vapor  pressure  in  this  region.  At  T'  an  equal  change  in  temperature 
will  make  a  much  smaller  change  in  the  vapor  pressure.  In  distillation  columns 
the  pressure  should  be  kept  constant;  changes  in  vapor-liquid  equilibrium  tempera¬ 
ture  then  indicate  a  change  in  the  composition  of  a  distillate.  If  the  piessure  is  not 
constant,  vapor-liquid  temperature  will  change  without  necessarily  indicating  a 
change  in  the  composition  of  the  distillate. 

Inspection  of  Figure  53  will  show  the  importance  of  precise  pressure  con¬ 
trol  in  column  operation,  and  why  the  pressure  must  be  more  closely  con¬ 
trolled  at  greatly  reduced  pressure  than  at  atmospheric  pressure  if  the 
vapor-liquid  equilibrium  temperature  is  to  have  equal  validity  at  both 
operating  pressures. 

Many  devices  have  been  designed  to  control  the  operating  pressure  of 
distillation  columns.  One  investigator173  found  about  30  publications  on 
pressure  control  covering  the  period  1840-1933;  in  the  last  15  years  the 
number  has  nearly  doubled.  Many  of  these  designs  were  related  to  specific 
problems  and  were  entirely  satisfactory  for  the  purpose.  On  the  other 
hand,  the  developments  in  high-precision  thermometry  require  greater 
precision  in  pressure  control  to  utilize  profitably  the  high  precision  pos¬ 
sible  in  temperature  measurements. 


2.  Manostats 


lhe  majority  of  pressure-controlling  devices  operate  on  the  principle  of 
the  manometer  and  are  called  manostats.  A  simple  design174  is  shown  in 
1  igure  54.  As  the  pressure  is  lowered,  the  mercury  in  the  right  leg  of  the 
manostat  approaches  the  adjustable  contact  rod,  and  finally,  when  contact 
is  made,  an  electric  circuit  through  a  relay  is  completed  to  stop  the  pump 
motor  or  open  a  gas  leak  which  slightly  exceeds  the  capacity  of  the  pump ; 
this  permits  a  slight  increase  in  pressure,  the  electric  contact  is  broken,  and 
the  pump  starts,  or  the  leak  closes,  and  the  cycle  is  repeated.  The  pressure 
so  established  is  an  average  value  varying  slightly  above  and  below  an  ab¬ 
solute  value  determined  by  the  adjustment  of  the  manostat ;  the  extent  of 
the  variation,  assuming  a  constant  temperature,  is  dependent  upon  the 
inertia  of  the  system  as  a  whole. 


The  continuously  adjustable  manostat  of  Figure  54  has  been  modified  to 
operate  at  a  number  of  fixed  pressures  by  sealing  in  tungsten  contacts  at 
fterent  positions  in  the  open  leg  of  the  manostat.175-176  To  change  the 

m  “d«-hbT  I?i-fng-  Chem’  Anal-  Ed 5,  144  (1933). 

c,ox,  ina.  Eng.  Chem.,  Anal.  Ed.,  1,  7  (1929). 

178  WillinVhal^T'^l’  C'^'’  ^  Eng‘  C/lew;’  Anal  E(L’  3>  259  (1931). 

219  (1945).  ’  d>  °r’  lgnocco’  and  Rossini,  J.  Research  Natl.  Bur.  Standards,  35, 
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operating  pressures,  one  electrical  connection  is  shifted  to  the  appropriate 
contact. 

Greater  precision  of  control  is  possible  with  a  cascade  system  in  which 
a  closely  controlled  operating  system  exhausts  into  a  roughly  controlled 
system  at  somewhat  lower  pressure.177  The  pressure  differential  of  the 
two  systems  ensures  an  exhaust  rate  from  the  closely  controlled  system 
low  enough  to  permit  the  manostat  to  follow  the  pres¬ 
sure  without  significant  overshoot.  The  system,  as 
outlined,  requires  intermittent  operation  of  the  evacuat¬ 
ing  pump. 

To  obviate  the  use  of  an  electric  circuit  and  associated 
relays,  the  manostat  shown  in  Figure  55  was  de¬ 
veloped.178-180  Flow  of  mercury  from  one  leg  to  the 
other  in  the  manostat  shifts  the  balance  point  of  the 
lever  to  open  or  close  the  bleed  valve  and  to  restore  the 
pressure  to  its  equilibrium  value.  With  a  given  capil¬ 
lary,  the  regulator  tends  to  “bounce”  at  certain  pres¬ 
sures.  To  eliminate  this,  suitable  capillaries,  covering 
a  restricted  range  of  pressure,  are  used  in  conjunction 
with  a  rubber  pad  whose  angular  position  is  adjustable 
relative  to  the  plane  of  the  capillary  tip.181  This  regu¬ 
lator  may  be  constructed  with  a  closed-end  manometer 
instead  of  a  stopcock  and  gas  bubble  if  a  restricted 
range  of  control  is  permissible.180 

The  high  density  of  mercury  as  a  manostatic  fluid 
makes  it  undesirable  from  the  standpoint  of  sensitivity. 

To  achieve  greater  sensitivity  the  manostat  of  Figure 
56  was  designed.182  Sulfuric  acid  of  density  1.71  is 
used  to  give  a  sensitivity  of  7.9  compared  to  mercury. 

The  maximum  sensitivity  with  the  acid  is  probably 
not  attained  because  surface  tension  maintains  the  con- 
1, act  beyond  the  time  when  the  general  level  of  the  liquid 
in  the  contact  leg  is  below  the  tip.  The  U-tube  section  of  the  manostat 
must  have  a  diameter  about  four  times  as  great  as  a  comparable  mercury 
manostat  to  counteract  the  greater  viscosity  of  the  sulfuric  acid.  Degas¬ 
sing  of  the  sulfuric  acid  by  gentle  boiling  at  1  to  2  mm.  pressure  is  necessary 

177  Palkin,  lnd.  Eng.  Chem.,  Anal.  Ed.,  7,  436  (1935). 

>7«  Schierholtz,  lnd.  Eng.  Chem.,  Anal.  Ed.,  7,  2»6  (1935). 

n»  Schierholtz  and  Thelin,  lnd.  Eng.  Chem.,  Anal.  Ed.,  13,  908  (1941). 

Bailey,  A.  J.,  Ind.  Eng.  Chem.,  Anal.  Ed.,  £83  (1943). 

•8i  Dalin,  G.  A.,  Ind.  Eng.  Chem.,  Ana  .  Ed.,  15,  /31  (1943).  nq33) 

is2  Hershberg,  E.  B.,  and  Huntress.  E.  H„  lnd.  Eng.  Chem..  Ana  .  ,  , 
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before  the  manostat  will  operate  satisfactorily.  Operation  ot  the  mano- 
stat  is  simple;  with  the  stopcock  open,  the  pressure  of  the  system  to  be 
controlled  is  reduced  to  very  nearly  the  desired  value,  the  stopcock  is 
closed,  and  as  the  pressure  continues  to  diminish  in  the  system,  contact  is 
established  and  the  pump  is  stopped  or  a  leak  is  opened.  A  suitable  elec- 


Fig.  55.  Mercury  balance  manostat.180  (A)  1-nun. 
bore  capillary  tubing;  (B)  8-mm.  O.D.  tubing;  (C) 
19-mm.  O.D.  tubing;  (D)  spring  (90  turns,  No.  26 
gage  piano  wire  on  4-mm.  mandrel);  (E)  pivot  and 
vacuum  connection;  (F)  swivel  joint;  (G)  adjusting 
thumbscrew;  (H)  supporting  rod;  (I)  rubber  cushion. 


Fig.  56.  Sulfuric  acid  man¬ 
ostat.182  (A)  2-cm.  I.D.;  (B) 
6-cm.  I.D.;  (C)  2.5-cm.  I.D.; 
(D)  17.5  cm.;  (E)  5-cm.  on 
centers;  (F)  0.025-mm.  di¬ 
ameter  platinum  contact 
wire;  (G)  0.125-mm.  diame¬ 
ter  platinum  contact  wire; 
(H)  tubes  filled  with  mercury 
to  establish  contact  between 
platinum  wire  and  external 
circuit;  (I)  12/20  standard 
taper  ground-glass  joint;  (J) 
3-mm.  bore  stopcock;  (K) 
ground-steel  joint. 


tron  relay  and  solenoid  valve  for  use  with 
the  sulfuric  acid  manostat  are  easily  con¬ 
structed.183’184 

Another  design185  of  manostat  using  mercury 
but  having  greater  sensitivity  than  the  con¬ 
ventional  type  is  shown  in  Figure  57.  Opera¬ 
tion  is  similar  to  that  of  the  sulfuric  acid  type. 

A  very  simple  pressure  regulator  is  shown  in  Figure  58.  The  controlled 
pressure  is  equal  to  the  depth  of  oil  along  the  bubble  tube  (measured  in 
0  mercury)  plus  the  pressure  in  the  pump  side  of  the  manostat.186’187 
1  he  Cartesian  diver  pressure  control,  based  on  the  principles  of  a  baro- 

"  ^irobs>  W  >  Cnd.  Enq.  Chern.,  Anal.  Ed.,  7,  70  (1935) 

188  FetTrf?'’ He?hberg’  E-  B  ’  Ind •  Bn<f-  Ch°m.y  Anal.  Ed.,  5,  144  (1933) 
m  r >  u’  Eng'  Chem •’  Anal  Ed •*  10,  647  (1938).  ( 

ig7  Tir<j  ]’  ripP>  and  Nathan,  J.  Soc.  Chem.  I?id.  London,  66,  33  (1947) 

Todd,  Ind.  Eng.  Chem.,  Anal.  Ed.,  20,  1248  (1948). 
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scope, m  is  diagrammed  in  Figure  59.  The  operating  principle  of  this  in¬ 
strument  and  the  mathematics  of  its  behavior  have  also  been  described.189 
Operation  is  as  follows:  A\  ith  the  stopcocks  open,  the  system  is  evacuated 
to  very  nearly  the  desired  pressure,  and  the  stopcock  is  closed;  as  evacua¬ 
tion  continues,  the  pressure  in  the  inner  chamber  increases  relative  to  the 
pressure  in  the  outer  chamber  and  raises  the  floating  bell  until  the  disc 
closes  the  exhaust  port  to  stop  further  reduction  of  the  pressure  in  the 
system. 


Precise  pressure  control  at  10  mm.  and  below  is  somewhat  difficult. 
Mercury  manostats  become  sluggish;  manostatic  liquids  which  wet  the 
glass  walls  overcome  this  if  allowance  is  made  for  the  viscosity  of  the  usual 
high-boiling  liquids  suitable  for  this  purpose.  A  simple  design  of  manostat 
for  10-mm.  operation  and  giving  fair  control  at  1  mm.  is  shown  in  Figure 
GO.  Diethylene  glycol  containing  about  0.5%  sodium  nitrite  in  solution 
provides  sufficient  conductivity  to  operate  an  electron  relay  for  controlling 
t  he  pump.  A  thin  layer  of  diamyl  phthalate  on  the  surface  ol  the  gl\co 
in  each  leg  minimizes  evaporation.  A  reference  vacuum  is  provided  on  one 
side  of  the  manostat  by  a  small  mercury-vapor  pump.  Dry-ice  traps  are 
provided  between  the  manostat  and  the  mercury-vapor  pump  and  the 
system  under  control  to  condense  moisture  and  .vapors  which  would  dis¬ 
solve  in  the  glycol  and  change  its  density. 

18*  Caswell,  Phil.  Trans.,  24,  1597  (1  -01). 

w9  Gilmont,  lnd.  Eng.  Chem.,  Anal.  Ed.,  18,  (»3J  (1946). 
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Pressure  control  at  1  mm.  is  possible  with  fair  precision  (±0.01  mm  ) 
with  the  two-liquid  manostat™  of  Figure  61.  The  upper  layers  are  di- 
butyl  phthalate  saturated  with  diethylene  glycol,  and  the  lower  layer,  di- 
ethylene  glycol  saturated  with  dibutyl  phthalate.  A  trace  of  sodium  ni- 
trite  in  the  glycol  layer  provides  sufficient  conductivity  to  operate  a  con- 


trolling  electron  relay.  The  sensitivity  of  the  manostat  is  related  to  the 
ratio  of  cross-sectional  areas  of  the  large  chambers  and  the  U-tube,  and  to 
te  relative  densities  of  the  two  liquids.  A  reference  vacuum  and  cold 
traps  are  provided  as  described  in  the  preceding  design.  Close  control  of 
190  Williams,  Ind.  Eng.  Chem.,  39,  779  (1947). 
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the  temperature  of  the  manostat  is  necessary  to  avoid  changes  in  the  mutual 
solubility  of  the  liquids  and  to  obviate  density  changes. 

An  entirely  different  type  of  pressure  control  for  1-mm.  operation  is 
based  on  the  principle  that  at  constant  pressure  the  vapor-liquid  equilib¬ 
rium  temperature  of  a  boiling  pure  liquid  is  constant.191  A  suitable  boiler 
containing  a  small  amount  of  diphenylmethane  (b.p.  80°C.  at  1  mm.)  pro¬ 
vides  a  vapor  bath  for  a  multiple-junction  thermocouple  system.  The 


pressure  using  diethylene  glycol  as 
manostat  fluid. 


thermoelectric  voltage  developed  is  balanced  out  in  a  potentiometer  circuit 
with  the  aid  of  a  mirror-type  galvanometer.  At  the  null  point,  the  light 
beam  from  the  galvanometer  circuit  actuates  a  photoelectric  relay  circuit 
which  in  turn  closes  a  solenoid  valve  connecting  the  boiler  to  the  vacuum 
pump.  If  the  pressure  in  the  boiler  and  controlled  system  increases,  vapor- 
liquid  equilibrium  temperature  increases  slightly,  the  galvanometer  de¬ 
flects,  and  the  solenoid  valve  opens  to  restore  the  balance.  Inevitable 
changes  in  the  voltage  of  the  potentiometer  battery  and  shifts  in  the  zero 
setting  of  the  galvanometer  cause  a  drift  in  the  controlled  pressure.  The 


191  Fenske,  U.  S.  Pat.  2,116,442. 
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potentiometer  circuit  could  probably  be  eliminated  by  having  pother  pre . 
sure  system  accurately  controlled  by  a  conventional  manostat.  A  second 
boiler  attached  to  this  system,  and  using  a  liquid  having  the  same  vapo 
liquid  equilibrium  temperature  at  the  pressure  of  the  second  boiler  as  the 
diphenvlmethane  has  at  1  mm.  would  provide  a  thermal  E.M.F.  of  equal 
magnitude.  The  output  of  the  two  thermocouple  systems  when  delivered 


to  the  galvanometer  in  opposition  would  give  no  deflection  until  the  pres¬ 
sure  in  the  1-mm.  system  increased  when  the  photoelectric  relay  would 
function  as  described  previously. 


A.  EFFECT  OF  TEMPERATURE  CHANGES  ON  MANOSTATS 

Temperature  changes  of  a  manostat  affect  the  absolute  value  of  a  pressure 
being  controlled.  A  manostat  of  the  type  shown  in  Figure  54  is  subject  to 
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three  effects  by  temperature:  (a)  the  total  volume  of  mercury  increases; 
(6)  the  glass  expands  to  increase  its  volume  and  to  a  slight  extent  compen¬ 
sates  for  a;  and  (c)  the  adjustable  contact  arm  increases  in  length  with  in¬ 
creases  in  temperature. 

If  in  Figure  54  a  horizontal  line  is  drawn  from  the  contact  point  to  in¬ 
tersect  the  left,  or  measuring,  leg  of  the  manostat,  any  expansion  of  the 
mercury  above  this  line  will  not  affect  the  pressure  because  the  product  of 
density,  d,  and  height,  h,  will  remain  constant.  The  mercury  in  the  U-tube 

section  below  the  horizontal  line  will  also  ex¬ 
pand  to  force  mercury  above  the  line  and 
hence  increase  the  numerical  value  hd.  The 
adjustable  contact  arm  will  likewise  increase 
in  length  and  have  the  effect  of  forcing  still 
more  mercury  above  the  line  and  increase  hd 
still  more.  The  net  effect  of  the  increase  in 

temperature  is  an  increase  in  the  controlled 

• 

pressure.  Expansion  of  the  contact  arm  can 
be  completely  eliminated  by  the  construction 
shown  in  Figure  60;  the  outer  tube  will  in¬ 
crease  in  length  with  temperature  and  tend 
to  raise  the  contact  point,  but  the  inner  tube 
will  similarly  increase  in  length  to  hold  the 
tungsten  contact  point  in  a  fixed  position. 
Substitution  of  this  contact  point  for  the 
metal  contact  arm  of  Figure  54  will  eliminate 
a  part  of  the  temperature  effect.  A  mano¬ 
stat,  modified  as  indicated,  to  control  pres¬ 
sures  over  the  range  50  to  760  mm.  of  mer¬ 
cury  will  give  fair  control  at  the  higher  pres¬ 
sure  and  poor  control  at  the  lower  pressure. 
For  example,  if  the  manostat,  when  set  at  760  mm.,  has  21%  of  the  total 
volume  of  mercury  in  the  U-tube  section,  an  increase  of  10  C.  in  tempeia- 
ture  (from  25-35°)  will  increase  the  controlled  pressure  to  760.4  mm.; 
when  adjusted  to  control  at  50  mm.,  the  U-tube  would  contain  95%  of  the 
total  mercury,  and  an  increase  of  10°C.  in  the  temperature  would  increase 
the  controlled  pressure  to  51.65  mm.  of  mercury.  It  is  apparent  from 
these  results  that  the  mercury  in  the  U-tube  section  below  the  measuring 
arm  is  chiefly  responsible  for  the  changes  in  controlled  pressure  resulting 

from  increased  temperature. 

A  manostat  constructed  as  shown  in  Figure  62  will  be  compensated  to 
changes  in  temperature  (excluding  the  slight  effect  of  expans, on  of  the 
glass),  as  the  following  analysis  will  demonstrate: 


Fig.  62.  Fixed-pressure,  tem¬ 
perature-compensated  mercury 
manostat. 
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Let  F  equal  total  volume  of  mercury  at  some  standard  temperature  Ts;  a  is 
volume  of  mercury  in  height  h\  b  is  volume  of  mercury  below  height  h]  then  F  is 
a  b;  A  is  area  of  upper  bulb,  7tZ)2/4;  a  is  coefficient  of  expansion  of  mercury; 
d,  is  density  of  mercury  at  Ts;  ps  =  K  is  pressure  at  Ts ;  pt  is  pressure  at  another 
temperature  ( Ts  +  At)  =  ht;  dt  is  density  of  mercury  at  (Ts  +  At): 

ps  =  dsh ,  and  pt  =  dtht  =  (hs  +  A  h)(ds  +  Ad) 

* 

When  the  manostat  is  completely  compensated : 

Ps  ~  Pt  =  0 

and: 


Simplifying: 


dghg  —  (hs  -|-  A h)(ds  -(-  Ad)  =  0 


h,  Ad  =  —  Ahds  (1) 

Now  ds  =  M /  Vs  and  dt  =  M/  \  t,  where  M  is  the  mass  of  mercury  in  the  manostat. 
Then: 


But: 


dgVg  =  dtVt 


By  definition: 


dt\  t  —  (ds  +  Ad)(Fs  +  aF) 
Ad  =  -d,(  aV)/V 


Therefore: 


a  =  (aF)/a  tV 


(a) 


AF  =  aAtV 

(a)  and  (b)  may  be  combined  and  simplified  to: 

Ad  =  —dsa  AtV/V  =  —dguAt 

Since  point  P  is  fixed: 


(b) 

(2) 


A/t  =  A  V/A  =  aAtV/A  (3) 

“  o^!2)  “d  (3)  in  (1)-  F  -  ,l*A'  «  the  equation  tor  expansion  of 

of  .  Tt°  7-  •- 

pansion  of  glass.  Subscripts  Hg  and  gl.  refer, 


\  7. 
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Al  Hg  =  d  At  V 

AFgi.  =  pA  tV 
AA.i.  =  2/sAtpA\by 
Ahe\.  =  */ 3  Atphj 


definition 


Substituting  these  definitions  in  equation  (4) : 


7  AtV(a  —  /3) 

A/iHg  =  "tt: — : — ~ t — r  +  x/3Atph 


Substituting  (2)  and  (5)  in  (1): 

h(—dsaAt)  =  —ds 


A(l  +  2/3A  tp) 

A  tV  (a  —  p) 


L  (i  +  2/3a^) 


+  x/3Atph 


V(a  —  /3)  |  ,  /  n, 

hsd  —  — - — — - -  +  l/3p'h 


A(1  +  2/3a  tp) 


hs(d  -  V 30)  = 

V  = 


V 


a  —  P 


A)  (1  +  2/ 3  Atp) 
hsA(a  —  ]/3p)(l  +  2/3A  tp) 

a  —  P 


The  term  (1  +  2/3  A  tp)  is  very  nearly  unity: 

v  =  h,A(d  ~  l/rf) 

a  —  P 


(5) 


For  Pyrex: 


p  =  (3.6  X  10-6)3  =  1.08  X  10-5 


For  mercury: 


«  =  18.186  X  10-5 

MC17.826  X  10^)  =  L042M 
17.106  X  10-6 


The  compensated  manostat  of  Figure  62  maintains  its  compensation  if 
tilted  in  or  out  of  the  plane  of  the  paper.  This  permits  a  fine  adjustment 
of  the  absolute  pressure  at  which  the  instrument  controls.  To  avoid  capil¬ 
larity  effects,  the  open  leg  of  the  manostat  should  be  constructed  of  tubing 
15-  to  20-mm.  I.D.,  and  the  closed  side  of  40-mm.  I.D.  tubing  for  mano- 
stats  controlling  at  50  to  200  mm. ;  for  controlling  at  725  mm,  for  example, 
the  manostat  may  be  constructed  entirely  of  15-mm.  tubing.  If  the  con¬ 
trolling  contact  is  placed  in  the  closed  arm  of  the  manostat  instead  of  t 
open  arm,  the  instrument  fails  to  compensate  for  temperature  cha  g  • 
Manostats  of  the  above  design  have  been  constructed  to  operate  at  oO 
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mm.  and  above.  At  lower  pressures,  the  volume  V  becomes  too  small  to 
permit  satisfactory  glass-working  operations. 

Manostats  of  the  type  shown  in  Figures  55-57  and  59  are  more  seriously 
affected  by  changes  in  temperature  because  the  trapped  gas  in  the  closed 
arm  expands  or  contracts  in  accordance  with  the  gas  laws.  Consequently, 
the  controlled  pressure  will  change  about  0.3%  per  degree  of  temperature 
change.  Unless  these  types  of  manostats  are  thermostated,  they  are  not 
reliable  for  long  periods  of  operation. 


B.  MISCELLANEOUS  FACTORS  IN  PRESSURE  CONTROL 


Elimination  of  temperature  effects  on  manostats,  either  by  temperature 
control  or  compensation,  ensures  precise  control  of  pressure  only  when  the 
inertia  of  the  whole  pressure  system  permits  a  manostat  to  follow  pressure 
changes  very  closely.  If  leakage  into  a  pressure-control  system  is  rapid,  the 
exhaust  pump  will  of  necessity  function  frequently  to  maintain  the  desired 
pressure  as  controlled  by  the  manostat.  If  the  frequency  of  pump  operation 
is  of  the  same  order  of  magnitude  as  the  natural  frequency  of  oscillation  of 
the  controlling  manostat,  the  latter  will  be  kept  in  a  state  of  oscillation. 
As  a  result,  the  absolute  value  of  the  controlled  pressure  will  vary  above 
and  below  the  nominal  value  at  which  the  manostat  should  control.  In¬ 
asmuch  as  the  frequency  of  oscillation  of  a  column  of  liquid  is  an  inverse 
unction  of  the  square  root  of  its  length,  a  manostat  designed  to  control  at 
/2o  mm  for  example,  will  be  thrown  into  a  condition  of  oscillation  more 
read,  y  than  will  a  manostat  designed  for  50-mm.  control.  (This  assumes 
that  the  length  of  liquid  column  in  each  instance  is  roughly  proportional  to 

fore  tTaTtL^T  C°n‘r°lled;’  Preclse  contro1  of  Pressure  requires,  there¬ 
fore  that  the  leakage  be  small,  so  as  to  necessitate  infrequent  operation  of 

the  pump.  By  increasing  the  total  volume  of  the  controlled  system  a  given 
amount  of  leakage  will  change  the  pressure  more  slowly  and  requfreTess 
frequent  operation  of  the  exhaust  pump;  by  the  same  token  the  pump  wil 
reduce  the  pressure  more  slowly  to  nominal  value  P  P 

-  — •  - — sj£ 

192  Willingham  and  Rossini,  J.  Research  Vml  ,  , 

’  aesearcn  Bur.  Standards,  37,  15  (1946). 
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surge  tanks  drop  in  temperature ;  increases  in  the  temperature  of  the  tanks 
will  be  taken  care  of  automatically. 

Motor-driven  pumps  coast  for  a  few  revolutions  after  the  power  is  cut 
off  by  action  of  the  manostat.  The  effect  of  this  after-pumping  may  be 
eliminated  by  placing  a  solenoid  valve  between  the  pump  and  surge  tank 
and  connecting  the  solenoid  in  parallel  with  the  motor  circuit  so  that  the 
valve  opens  when  the  motor  is  energized  and  closes  immediately  when 
power  is  cut  off.  At  pressures  near  atmospheric,  the  exhaust  rate  of  con¬ 
ventional  oil  pumps  is  too  great  for  precise  control;  reduction  of  the  pump 
speed  to  y6  to  Vio  of  its  normal  value  by  means  of  a  speed-reducing  system, 
and  use  of  a  solenoid  valve  mentioned  previously  permits  satisfactory  con¬ 
trol. 

Convenient  location  of  surge  tanks  usually  requires  long  lines  to  bring 
the  controlled  pressure  to  a  fractionating  column.  For  permanent  installa¬ 
tion  1.5-in.  copper  tubing  should  be  used.  This  should  be  soft-soldered  to 
suitable  copper  or  bronze  T’s;  diaphragm  valves193  may  be  used  at  each 
T  to  provide  a  vacuum  outlet  near  each  column. 

VII.  MISCELLANEOUS  ACCESSORIES 
1.  Joints  and  Stopcocks 

The  most  unsatisfactory  parts  of  a  laboratory  distillation  column  are 
the  joints  and  stopcocks.  Standard  interchangeable  joints  and  stopcock 
plugs,  although  they  are  within  the  allowable  manufacturing  tolerances, 
permit  unavoidable  losses  of  distilland  or  oxidation  by  air  leakage, 

 - n 

u 


F*  63.  Longitudinal  section  of  male  and  Fig.  64.  ^  ^ 

female  standard-taper  joints. 


»>  Kerotest  Manufacturing  Company,  Pittsburgh,  Pennsylvania. 
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especially  at  reduced  pressures.  Sometimes  a  lubricant  can  be  used  to 
prevent  the  losses  or  leakage  when  certain  types  of  compounds  are  being 
distilled,  but  these  instances  are  exceptional,  especially  at  higher  tempera¬ 
tures  and  low  pressures.  The  simplest  solution  to  the  problem  of  joints 
is  to  connect  the  still  pot  and  condenser  section  to  the  column  by  fused  glass 
seals.  The  design  shown  in  Figure  50  is  satisfactory  because  the  one  lubri¬ 
cated  joint  can  be  kept  sufficiently  cool  to  be  out  of  contact  with  significant 
concentrations  of  vapor  or  liquid.  In  other  parts  of  the  column  and  auxil¬ 
iary  equipment  where  the  concentration  of  vapor  is  low,  or  where  contact 
of  the  distillate  with  the  lubricated  surfaces  is  minimized,  joints  and  stop¬ 
cocks  are  usually  satisfactory,  provided  a  lubricant  insoluble  in  the  distil¬ 
late  is  used  for  lubrication. 

Joints  are  either  of  tapered  construction  (Fig.  63)  or  spherical  (Fig.  64). 
They  consist  of  male  and  female  sections  and  are  available  in  a  variety  of 
standard  sizes.  Spherical  joints  offer  certain  advantages  in  use;  the  two 
sections  need  not  be  so  precisely  lined  up  when  equipment  is  being  as¬ 
sembled  and  clamped,  strains  are  less  likely  to  develop,  and  the  sections 
are  more  easily  separated  than  are  tapered  joints. 


2.  Lubricants 

Glycerol-starch  has  been  found  suitable  as  a  stopcock  lubricant  when 
nonpolar  compounds  are  being  handled.  ■«  Sucrose  or  mannitol  in  glycerol 
containing  13%  ol  medium-viscosity  polyvinyl  alcohol  has  been  recom¬ 
mended  for  the  same  purpose.™  A  partially  esterified  and  polymerized 
“°f  tetl'aethylene glycol  and  citric  acid™ or  the  same  mixture  modi¬ 
fied  by  the  addition  of  cellulose  acetate'”  have  been  used  as  lubricant*  n 
working  with  aliphatic  and  aromatic  hydrocaXons  Alcnh  t  ,  " 

and  water  attack  this  mixture.  The  relous  m^"„  f  e  u’  ket0n6S’ 
of  sebacic  acid  and  ethylene  glycol  is  in  ZbleTn  h  7  reaCt,0n 
alcohols,  and  diethyl  ether  bufis  sol,  hi  P  h3"Wb““. 

halides.™  Polymerized  nhthlte  i  ,  ,benzene-  ,p-vr,dine.  and  alkyl 

effective  lubricants  in  contact  with  aliphatl  hvW^^Wt 
mixtures  available  from  many  suppliers  of  lab,,. -at  ■  roPnetary 

ally  of  limited  usefulness  as  stopcock UtbrioIH  eqU’Pment  geneI" 

:  ctlXaLEi; (1942)’ 

Braun  and  SchinHanz,  Ramrck  ^ 
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3.  General  Suggestions  for  Mounting  Equipment 

When  one  or  more  columns  are  to  be  set  up  permanently,  a  suitable 
framework  should  be  installed  to  hold  and  protect  the  column.  One  satis¬ 
factory  design  is  shown  in  Figure  05. 

Variable  transformers*  for  controlling  the  power  input  to  the  column 


may  be  attached  to  the  column  panels  or  set  on  top  of  the  base  If  several 
columns  are  located  together,  the  variable  transformers  may  be  more  con- 

veniently  mounted  in  standard  steel  cabinets.  f 

“  l„  attached  t.  tot.  baled  f  the  cehtme  ran... 

lightly  clamped. 

•  Available  from:  General  Radio  Company,  Cambridge,  Massachusetts,  and  Supe  - 
ior  Electric  Company,  Bristol,  Connecticut. 
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Part  2.  PROCEDURE 


I.  INTRODUCTION 


A  batch  distillation  of  the  simplest  possible  mixture,  that  of  two  volatile 
components,  is  not  strictly  amenable  to  theoretical  treatment,  as  is  shown 
in  the  chapter  on  theory.  The  complex  interrelations  of  column  efficiency, 
reflux  ratio,  column  holdup,  and  ideality  or  nonideality  of  the  mixture  be¬ 
come  still  more  complicated  as  the  number  of  components  in  the  distilland 
(or  charge)  increases.  Fortunately,  so  far  as  the  practical  application  of 
batch  fractional  distillation  is  concerned,  the  shortcomings  of  theory  do  not 
greatly  reduce  the  value  of  distillation  as  a  laboratory  technique  of  great 
power  and  usefulness.  Some  theory,  an  adequate  column,  and  the  proper 
operating  procedure  are  sufficient  to  resolve  all  but  the  most  complicated 
mixtures  of  volatile  compounds  and  azeotropes. 

This  section  discusses  the  procedure  to  be  followed  in  making  a  fractional 
distillation.  The  choice  of  column,  method  of  sampling  and  charging,  the 
preliminary  operations  of  preflooding  and  establishment  of  initial  equilib- 
lium,  choice  of  reflux  ratio,  collection  of  product,  and  interpretation  of  data 
will  be  the  chief  points  of  discussion.  Certain  miscellaneous  items  found 
helpful  in  many  distillations  will  also  be  included. 


II.  PURPOSE  OF  FRACTIONAL  DISTILLATION 

Batch  fractional  distillations  on  a  laboratory  scale  usually  have  one  of 

two  purposes:  to  determine  quantitatively  the  composition  of  the  distil- 

an  ,  or  to  isolate  one  or  more  of  the  components  from  a  mixture  for  further 
examination. 

An  analytical  distillation  is  not  of  itself  sufficient  to  establish  the  quan¬ 
titative  analysis  of  a  mixture  in  many  instances,  particularly  those  involving 

z ex  nr such  as  hydrrbons  °r  any  mixt-res  'Vi-h  foZZ 

hopes.  In  such  cases,  an  analytical  distillation  serves  to  isolate  and  re¬ 
move  interfering  components,  or  to  concentrate  components  present  in 
nm  l  amounts,  and  to  permit  other  analytical  means  such  as  inZed  u  . 

aSSSS2* 

every  component  are  not  available-  in  mi  .  I  adequate  to  separate 
distillation  and  other  analvtic  d  m  ’  P'  mstances>  a  combination  of 

if  a  chat: 


296 


F.  E.  WILLIAMS 


ical  fractionations  are  made  on  quantities  of  a  few  milliliters  to  several 
hundred  milliliters;  considerably  larger  volumes  are  employed  when 
significant  quantities  of  a  component  are  to  be  isolated. 

Depending  on  the  purpose  of  the  distillation,  the  column  efficiency  re¬ 
quired  may  differ  when  a  given  mixture  is  being  fractionated.  If  the  frac¬ 
tionation  is  for  analytical  purposes,  the  column  efficiency  required  will  be 
governed  by  the  relative  volatility  of  the  most  closely  boiling  components 
whose  separation  is  desired;  if  from  the  same  mixture  only  one  component, 
for  example,  is  to  be  separated  in  high  purity,  and  the  volatility  of  this 
component  is  large  compared  to  all  other  components  in  the  mixture,  a 
column  of  lower  efficiency  and  greater  productivity  will  be  satisfactory. 

III.  CHOICE  OF  COLUMNS 


When  small  still  charges  are  to  be  fractionated,  columns  with  low  holdup 
are  desirable,  and  for  analytical  distillations,  they  are  a  necessity  in  the 
interest  of  sharp  separations.  In  the  majority  of  columns,  particularly 
packed  columns,  low  holdup  implies  small  size,  which  limits  throughput 
and,  consequently,  product  rate  for  a  given  reflux  ratio.  If  small  quantities 
(20-200  ml.)  of  material  are  to  be  fractionated,  small  concentric-tube  col¬ 
umns  provide  the  best  solution  for  the  problem.  (See  Figure  10,  Part  1, 
this  chapter.)  Packed  columns  of  low  holdup  such  as  the  Hyper-Cal  or 
the  column  of  Figure  12,  Part  1,  this  chapter,  are  suitable  for  charges  of 
200  ml.  or  somewhat  larger.  Larger  still  charges  can  be  satisfactorily 
fractionated  in  columns  of  considerably  greater  holdup;  boil-up  rate  can 
be  increased  greatly  and  product  rate  likewise  increased  foi  a  given  leflux 
ratio.  Total  distillation  time  will  not  be  significantly  different  in  the  two 
cases  if  the  ratio  of  charge  to  holdup  is  about  the  same.  Certain  advan¬ 
tages  accrue  in  the  use  of  larger  columns  and  proportionately  larger  charges 
when  sufficient  material  is  available.  Components  present  in  the  charge  in 
small  proportion  relative  to  the  holdup  will  not  usually  be  isolable  with 
either  the  large  or  small  column.  Evidence  of  their  presence  may  be  in¬ 
dicated  by  the  character  of  the  distillation  or  the  refractive-index  curve. 
Fractions  from  a  large  charge  suspected  of  having  such  components  will 
frequently  be  of  sufficient  amount,  when  combined,  to  be  refractionated 
through  an  adequate  column  of  low  holdup  to  determine  their  composition. 
This  procedure  was  used  in  studying  5%  fractions  derived  from  gallon 
charges  of  heptane  alkylate  containing  11  components.-  In  wmLing 
with  large  charges,  handling  losses  will  be  a  smaller  fraction  of  the  charge, 
and  the  material  balance  will  lie  better  than  in  the  case  of  small  charges. 

-  Marschner  and  Cropper,  Symposium  «  Distillation. 

American  Petroleum  Institute,  Meeting  at  Chicago,  Illinois,  Nov.  11,  1M6. 
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Although  small  holdup  is  necessary  for  sharp  separations,  adequate 
fractionating  efficiency  is  required  to  ensure  a  prescribed  degree  of  separa¬ 
tion.  Unknown  mixtures  can  be  most  profitably  examined  analytically  in 
a  column  having  an  efficiency  of  the  order  of  100  theoretical  plates;  results 
of  this  investigation  may  then  indicate  use  of  a  less  efficient,  more  produc¬ 
tive  column  for  further  work.  More  commonly,  some  knowledge  exists 
of  the  qualitative  composition  of  a  mixture  to  be  separated.  This  may  be 
deduced  from  the  source  of  the  material,  the  chemical  reaction  by  which  the 
mixture  was  produced,  or  by  a  qualitative  chemical  examination  to  estab¬ 
lish  the  ke}'  components.  The  actual  efficiency  chosen  for  a  given  frac¬ 
tionation  is  determined  by  the  relative  volatility  of  the  components  of  the 
mixture  to  be  separated.  Frequently,  relative  volatilities  are  not  known, 
although  differences  in  boiling  points  are  known.  In  either  case,  Table 
X\  III  ol  (  hapter  I  will  be  a  helpful  guide  in  choosing  an  adequate  column. 

It  should  be  borne  in  mind,  when  considering  differences  in  boiling  points, 
that  i dative  \ olatilitie^s  may  shift  markedly  in  a  way  not  ind  cated  by  dif¬ 
ferences  in  boiling  points.  For  example,  in  a  mixture  of  toluene  and 
methylcyclohexane,  the  components  of  which  boil  10°C.  apart,  the  x,  y 
diagram  shows  a  sharp  “pinch”  in  the  vapor  composition  curve  for  those 
mixtures  containing  large  mole  fractions  of  methylcyclohexane.  Separa¬ 
tion  of  these  components  would  accordingly  require  greater  column  ef¬ 
ficiency  than  would  be  expected  for  components  of  more  normal  behavior 
boiling  10°C.  apart. 


Reflux  ratio 


80: 1 
40:1 
10:1 
4:1 


TABLE  XXIX 


1 

2 

3 

Plate  equivalents 

28 

30 

37 

24 

24 

30 

22 

22 

25 

10 

14 

15 

0 

8 

7 

TT7  is  ordinarily  measured  under  conditions 
fieienc  v  o,  AT  U  g'i'  "0t  stnetl>'  a  m^sure  of  the  working  ef- 
this  Change  in  eS^musU  V  ,"'ithd''a"n-  due  allowance  for 

separation.  This  point  has  he!  ^  1"  eh°0Slng  a  col“  for  a  given 
Studied  by  Goldsbany  and  AckevZ'^  “ t  lulpter  l< and  experimentaUy 

Table  XXIX  gives  some  results  derived  from  graphs  published  by  these 

«on,  Analytical  Distilla- 

,  queuing  at  Chicago,  Illinois,  Nov.  11,  1946. 
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workers.  C  olumn  1  describes  performance  of  an  Oldershaw  perforated- 
plate  column;  column  2,  a  helix-packed  column;  and  column  3,  a  Heli- 
Grid  packed  column— each  being  1  in.  in  diameter  with  4  ft.  of  packed 
section.  Data  for  only  one  value  of  liquid-return  rate,  2000  ml.  per  hour, 
are  given.  Liquid-return  rate  is  defined  as  the  volume  of  reflux  returning 
to  the  column  plus  the  internal  reflux  resulting  from  imperfect  insulation. 
Plate  equivalents  are  defined  as  a  quantity  numerically  equal  to  the  number 
of  theoretical  plates,  operating  at  total  reflux,  which  would  give  the  separa¬ 
tion  obtained  when  the  column  is  operating  at  a  finite  reflux  ratio. 

The  data  of  table  XXIX  apply  only  to  a  test  mixture  of  methylcyclo- 
hexane  and  n-heptane,  or  other  binary  mixtures  of  comparable  relative 
volatility  ( a  =  1.07).  At  the  reflux  ratio  of  4 : 1,  the  very  low  plate  equiva¬ 
lents  for  the  columns  indicate  that  the  controlling  factor  in  the  separation 
attained  was  the  reflux  ratio,  and  not  the  number  of  plates. 

Of  considerable  interest  and  usefulness  is  the  fact  that  column  3  of 
Table  XXO  had  a  plate  equivalence  of  75  at  a  liquid  return  rate  of  600 
ml.  per  hour  and  a  reflux  ratio  of  40:1,  or  three  times  the  efficiency  that 
the  column  had  at  2000  ml.  per  hour  and  a  reflux  ratio  of  40 : 1.  In  practical 
work,  this  means  that  the  column  could  make  an  excellent  separation  on  a 
close-boiling  mixture  at  a  low  liquid-return  rate,  while  at  a  much  higher 
liquid-return  rate,  the  same  column  would  make  only  a  fair  separation. 
Vacuum-jacketed  columns  packed  with  metal  helices  have  shown  similar 
behavior  in  the  author’s  laboratory. 

Reliable  data  on  column  efficiency  and  the  effect  of  boil-up  rate  on  the  ef¬ 
ficiency  can  be  obtained  only  if  the  utmost  care  is  used  in  the  purification  of 
the  components  of  the  binary  pair  used  in  the  test  mixture.  For  the  test 
mixture  of  n-heptane  and  methylcyclohexane,  the  heptane  should  be  ob¬ 
tained  from  a  source  other  than  petroleum  to  avoid  possible  presence  of 
isomeric  hydrocarbons.  The  n-heptane  should  be  fractionated  tlnough  a 
column  of  at  least  100  theoretical  plates  at  a  high  reflux  ratio;  only  those 
cuts  having  the  correct  refractive  index  and  correct  freezing  point  should 
be  used  for  the  test  mixture.  Methylcyclohexane  prepared  by  hydiogena- 
tion  of  pure  toluene  is  preferred  to  that  isolated  from  petroleum.  This 
material,  before  use,  should  be  washed  with  several  small  portions  of  con¬ 
centrated  sulfuric  acid  until  the  acid  layer  is  no  longer  colored  Following 
this  the  hydrocarbon  should  be  washed  with  water,  dilute  sodium  hydrox- 
ide/and  finally  again  with  water,  and  then  dried.  The  final  step  is  to  rac- 
tionate  the  washed  product  through  a  column  of  at  least  100  plates  at  a  high 
reflux  ratio.  Only  those  fractions  having -the  proper  refractive  index  anc 
freezing  point  should  be  used  in  the  test  mixture.  Unless  these  precautions 
are  taken,  efficiency  tests,  particularly  of  columns  of  high  efficiency,  my 
prove  erroneous. 
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Choice  of  packing  material  is  determined  by  the  characteristics  of  the 
material  to  be  distilled.  If  this  is  not  corrosive,  metal  packing  may  be  satis¬ 
factory.  Organic  halides,  acids,  anhydrides,  sulfur  compounds,  and  certain 
phenols  corrode  metal  packing  to  a  greater  or  lesser  degree,  and  perma¬ 
nently  reduce  its  efficiency;  glass  or  other  inert  packing  is  essential  when 
working  with  these  types  of  compounds.  Alcohols  are  dangerously  corro¬ 
sive  to  aluminum  packing.  If  the  material  being  fractionated  has  a  tend¬ 
ency  to  polymerize  and  form  an  insoluble  coating  on  the  packing,  glass  or 
other  inert  packing  is  advisable  inasmuch  as  it  can  be  cleaned  by  use  of 
drastic  reagents. 

If  a  distillation  is  to  be  successful,  the  thermal  and  chemical  stability  of 
the  materials  in  a  charge  require  careful  consideration.  Polymerization, 
cleavage,  dehydration  of  materials  containing  hydroxy  compounds,  chemi¬ 
cal  reaction  between  components  of  the  distilland,  and  oxidation  through 
leakage  of  air  into  the  still  may  change  the  composition  of  a  distilland  and 
vitiate  results.  Reduction  of  the  operating  pressure  to  lower  the  distilla¬ 
tion  temperature  will  usually  reduce  or  eliminate  several  of  these  effects; 
air  leakage  into  the  still  may  increase  at  reduced  pressure,  but  this  can 
easily  be  remedied  by  eliminating  the  joint  between  still-pot  and  column. 


To  diminish  still-pot  temperatures  significantly,  operating  pressures 
should  be  reduced  from  atmospheric  to  100  or  50  millimeters.  Materials 
boiling  at  150°C.  at  760  mm.,  for  example,  will  boil  at  about  90  and  70°, 
respectively,  at  the  above  reduced  pressures;  even  lower  pressures  may  be 
necessai y  in  some  instances.  Pressure  drop  across  the  column  will  increase 
as  the  operating  pressure  is  lowered  if  a  given  boil-up  rate  is  maintained. 
Generally ,  however,  the  permissible  boil-up  rate  is  much  less  at  greatly  re¬ 
duced  pressures  than  at  atmospheric  pressure.  A  rough  guide  for  predict¬ 
ing  permissible  boil-up  rate  when  the  boil-up  rate  at  atmospheric  pressure 
is  known  is  to  multiply  the  boil-up  rate  at  atmospheric  pressure  by  the 
square  l  oot  of  the  pressure  ratio.  For  example,  if  a  given  mixture  in  a  given 
column  can  be  evaporated  at  a  rate  of  1000  ml.  per  hour  at  atmospheric 
pressure,  the  rate  at  76  mm.  will  be  1000 a/0.  10  =  310  ml.  per  hour.  Per¬ 
missible  boil-up  rate  is  likely  to  be  somewhat  less  than  this  as  a  result  of 
increased  pressure  drop  across  the  column;  with  tall  columns,  the  square- 
ioot  rule  is  more  adversely  affected  than  with  short  columns.  With  some 
mixtures,  low-pressure  operation  may  introduce  a  problem  in  condensation- 
circulation  of  ice  water  or  acetone  cooled  by  dry  ice,  through  the  refh.v 
condenser,  will  usually  ensure  satisfactory  condensation. 

tion°mifTPir,eS  r  S'Ve  di8tillates  whieh  solidify  in  the  condenser  sec- 
at,  the  f  me  mS  pom,s  are  substantially  below  their  boiling  points 
at  the  operating  pressure,  proper  control  of  the  temperature  nf  the  T 

ensei  will  allow  the  distillation  to  proceed  normally.  If  the  solid  com- 
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ponents  boil  below  their  melting  point  (sublime),  the  distillation  will  have 

to  be  conducted  azeotropically  to  remove  such  materials  as  liquid  azeo¬ 
tropes. 


IV.  THE  DISTILLAND 

1.  Pretreatment 

Hydroperoxides  and  peroxides  may  be  present  in  large  or  small  amounts 
in  many  mixtures,  particularly  hydrocarbons,  aldehydes,  and  ethers.  To 
avoid  the  possibility  of  an  explosion  during  the  distillation,  large  amounts 
of  hydroperoxides  should  be  removed  by  suitable  pretreatment  ;  and  small 
amounts  should  be  eliminated  to  prevent  peroxide-initiated  polymerization 
of  other  components  of  a  distilland. 

Hydroperoxides  may  be  detected  by  shaking  the  suspected  material 
with  potassium  iodide  solution  acidified  with  acetic  acid.  (Some  materials 
having  very  low  solubility  in  water  may  require  glacial  acetic  acid  solution 
to  respond  to  the  iodide  test.)  If  the  material  releases  iodine,  the  hydro¬ 
peroxide  may  be  decomposed  by  shaking  the  material  with  several  batches 
of  ferrous  sulfate,  alkaline  sodium  sulfide,  or  sodium  bisulfite  solution  until 
the  test  with  acidified  iodide  is  negative.  Raney  nickel  may  also  be  used 
to  decompose  hydroperoxides  and  peroxides.  Judicious  heating  of  water- 
soluble  materials  containing  peroxides  with  sodium  hydroxide  solution  is 
also  effective  in  destroying  these  compounds.  Possible  undesirable  effects 
of  any  reagent  on  the  other  components  of  a  charge  should  be  considered 
before  the  reagent  is  used  to  remove  hydroperoxides  and  peroxides. 

In  general,  peroxides  are  present  to  some  extent  whenever  hydroperoxides 
are  detected ;  since  the  former  are  not  so  readily  decomposed  as  hydroper¬ 
oxides,  they  are  likely  to  reach  a  dangerous  state  of  concentration  in  the  still 
pot  as  the  distillation  progresses.  By  the  addition  of  a  large  quantity  ot 
high-boiling  chaser  to  the  still  pot,  the  concentration  of  the  peroxide  is  kepi 
low,  and  hence  it  cannot  attain  an  explosive  concentration.  The  progres¬ 
sively  higher  temperature  of  the  contents  of  the  still  pot  as  the  distillation 
proceeds  gradually  decomposes  the  peroxide  into  harmless  products.  Any 
pretreatment  to  remove  hydroperoxides  from  a  still  charge  will  produce 
alcohols  or  ketones  in  the  distilland.  These  may  distil  as  such,  or  they  may 
form  azeotropes  with  other  components  present.  This  possibility  should 
be  recognized  when  interpreting  the  distillation  data. 

When  working  with  easily  dehydrated  hydroxy  compounds,  such  as  ter¬ 
tiary  alcohols,  slight  traces  of  acidic  material  may  be  present  m  the  still 
pot  or  column;  if  present,  these  may  catalyze  dehydration  and  change  the 
composition  of  the  charge.  A  dilute  solution  of  sodium  methoxide  m 
methanol  poured  through  the  column,  followed  by  removal  ot  the  methanol 
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by  a  stream  of  dry  nitrogen,  will  frequently  condition  the  column  to  obviate 
dehydration.  However,  in  such  cases,  due  consideration  must  be  given  to 
the  possibility  of  initiating  condensation  reactions  by  any  sodium  meth- 
oxide  adhering  to  the  packing.  Excess  sodium  methoxide  solution  should 
be  removed  from  the  still  pot  before  introducing  the  charge. 

Occasionally  a  fractionation  has  to  be  performed  on  a  mixture  which 
contains  components  with  a  pronounced  tendency  to  polymerize  either 
slowly  or  rapidly.  Suitable  inhibitors  may  be  added  to  the  distilland  at  the 
beginning  ot  the  distillation  to  prevent  or  minimize  polymerization.  The 
proper  inhibitor  to  use  will  depend  on  the  chemical  character  of  the  com¬ 
pound  or  compounds  in  the  distilland,  and  hence  will  be  a  specific  problem 
in  each  instance. 

It  should  be  pointed  out  that  an  inhibitor  will  ordinarily  be  effective 
only  in  the  still  pot  and,  possibly,  to  a  slight  extent  in  the  lowest  part  of 
the  column,  depending  on  the  volatility  of  the  inhibitor,  which  is  usually 
low.  To  circumvent  this  limitation,  a  solution  of  a  suitable  inhibitor  in  a 
part  of  the  distillate  may  be  added  dropwise  through  the  reflux  condenser 
into  the  reflux  stream  to  provide  inhibitor  throughout  the  length  of  the 
column.  Inasmuch  as  many  polymerizations  are  initiated  by  small  traces 
of  peroxide,  the  importance  of  rigidly  excluding  all  leakage  of  air  into  the 
lower  part  ot  column  through  a  still-pot  joint  is  apparent. 

All  charges  to  a  fractionating  column  should  be  single  phase  with  respect 
o  Physical  state  except  for  two-phase  systems,  which  become  single  phase 
by  the  time  the  charge  reaches  boiling  temperature.  A  system  which  re¬ 
mains  tv  o  phase  at  its  boiling  point  will  probably  bump  severely  when  boiled 
and  prevent  satisfactory  adjustment  of  the  boil-up  rate.  Even  if  the  two- 
ase  system  becomes  single  phase  at  its  boiling  temperature,  as  sometimes 

uis  m  azeotropic  distillations,  two  phases  may  form  in  the  reflux  con- 

sr type>  “  ** — ^5  r 

carbonate,  calcium  chloride,  magnesium  sulfate  i  •  Anhyf/ous  Potassium 

sulfate  are  suitable  for  drying  hydrocarbons  ’rV*  i f“  fat*’  an<1  copper 
Cium  chloride  should  not  be  used  1  11  alcohols  are  present,  cal- 

oets  with  it.  If  ketones  are  nivAT^''  ^  a  CO  Iols  f<m"  addition  prod- 

condensation  reactions.  In  doubtful'  case'  C'arl,ollate  may  eause 

'east  likely  to  cause  undesirable 1  t  onTin  a  m T  ^  “ 

wh,ch  none  of  the  ->•<>—  ~ 
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alcohol,  this  compound  may  be  added  to  remove  the  water  as  an  azeotrope. 
This  procedure  has  the  advantage  that  at  any  given  pressure  the  azeotrope 
is  oi  definite  composition  and  boiling  point  and  can  he  withdrawn  as  a  defin¬ 
ite  product  of  normal  behavior.  When  isopropyl  alcohol  is  not  or  may  not  be 
used,  a  water-hydrocarbon  azeotrope  may  condense  in  the  reflux  condenser. 
In  such  a  case,  the  water  adheres  in  droplets  and  is  slowly  eliminated  with 
the  product,  meanwhile  causing  wide  fluctuations  in  vapor  temperature 
and  difficulties  in  regulating  the  product  rate.  When  water  does  collect 
in  the  condenser,  it  may  be  eliminated  by  shutting  off  the  coolant  for  a 
short  time  to  allow  the  condenser  temperature  to  rise.  This  procedure  may 
have  to  be  repeated  several  times  to  eliminate  all  the  water.  The  two- 
phase  hydrocarbon  mixture  in  the  receiver  is  then  separated  mechanically, 
and  the  hydrocarbon  layer  is  dried  with  a  suitable  reagent  and  returned  to 
the  still.  A  small  chamber  connected  to  the  top  of  the  reflux  condenser 
through  a  valve,  or  a  separatory  funnel  attached  to  the  charge  tube  of  the 
still,  can  serve  for  this  purpose,  and  for  other  purposes  mentioned  in  Sec¬ 
tion  V-2. 

Mixtures  of  water-soluble  and  -insoluble  compounds,  such  as  reaction 
products  which  contain  considerable  amounts  of  dissolved  water,  may  be 
difficult  to  distil,  particularly  if  the  water-soluble  material  is  considerably 
lower  boiling  than  water.  When  the  low-boiling  material  has  been  elimi¬ 
nated,  a  two-phase  system  remains  in  the  still  pot  and  will  bump;  fre¬ 
quently,  an  azeotrope  of  water  and  other  material  will  distil.  Use  ot  iso¬ 
propyl  alcohol,  as  explained  above,  will  eliminate  trouble  during  the  distil¬ 
lation.  Due  consideration  must  be  given  to  possible  formation  ol  a  ter¬ 
nary  azeotrope  of  water,  alcohol,  and  a  third  component,  and  ol  a  binaiy 
azeotrope  of  alcohol  and  another  component.  A  compilation  of  binary 
and  ternary  azeotropes201  will  be  found  useful  in  this  connection. 


2.  Size  of  Batches.  Chasers.  Charging 


As  was  discussed  in  Chapter  I,  the  proper  size  of  a  charge  in  comparison 
to  column  holdup  is  still  an  unsettled  question.  Until  the  problem  has 
been  more  completely  investigated,  the  standard  practice  of  ">atntammg 
the  ratio  of  charge  to  dynamic  holdup  at  10  or  above  should  be  followed  for 
satisfactory  results  in' high-temperature  distillations  If  the  volume  o 
sample  is  only  a  few  milliliters,  a  special  column  of  ow  holdup  be 
needed  (see  Part  1).  A  series  of  columns  of  a  given  diameter,  type,  and 
size  of  packing  will  have  efficiencies  and  holdups  roughly  proportional  t 
the  height  of  the  packings;  accordingly,  a  distillation  requiring  le  lg 


201  Horsley,  Anal.  Chew.,  19,  508  (1947). 
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efficiency  will  require  the  largest  sample,  and  one  requiring  the  lowest  ef¬ 
ficiency  will  require  the  smallest  sample  if  the  above  rule  for  sample  size  is 
followed. 

In  any  batch  fractionation,  assuming  that  the  charge  is  completely  dis¬ 
tillable,  all  the  charge  can  never  be  collected  as  distillate.  The  uncollect¬ 
able  material  is  equal  to  the  dynamic  holdup  of  the  column  if  the  still  pot 
is  taken  to  dryness;  but  this  is  a  practice  not  to  be  recommended  with  any 
type  of  still,  especially  if  an  internal  electric  heater  is  used  in  the  still  pot. 
The  column  holdup  plus  any  volatile  material  remaining  in  the  still  pot 
may  be  distilled  out  if  a  chaser  is  added  to  the  charge  to  drive  them  into 
the  receiver.  Any  chaser  used  should  be  nonreactive  with  the  material 
being  distilled,  should  not  form  azeotropes  with  it,  and  should  not  attack 
the  column  or  packing.  Its  boiling  point  should  be  considerably  higher 
than  the  boiling  point  of  the  highest  component  of  the  charge  in  order  that 
any  of  the  vaporized  chaser  may  be  easily  fractionated  out  of  the  vapor 
stream  entering  the  bottom  of  the  column.  For  laboratory  distillations, 
a  compound  devoid  of  impurities  boiling  at  or  near  any  component  of  the 
charge  is  highly  desirable  as  a  chaser  so  that  complete  removal  of  the  charge 
from  the  column  may  be  shown  by  determination  of  the  boiling  point  or  re¬ 
fractive  index  of  the  chaser.  Toluene,  tetralin,  and  diphenyl  ether  are 
often  satisfactory  chasers. 


When  the  still  pot  contents  have  become  free  of  the  charge  (the  condi¬ 
tion  prevailing  when  the  still  would  become  dry  were  no  chaser  present) 
chaser  vapor  gradually  fills  the  column  to  an  increasing  degree  until  it  ap¬ 
pears  in  essentially  pure  condition  at  the  head  of  the  column.  In  the  me-in- 
time,  the  column  continues  to  fractionate  the  last  components  of  the  charge 
insofar  as  the  decreasing  effective  length  of  the  column  will  permit  If  the 
holdup  is  a  single  component  from  the  original  charge,  and  the  chaser  is 

l  |b0iliTnhe  separation  will  be  quite  satisfactorily 
sharp.  W  hen  the  column  holdup  consists  of  two  or  more  components  the 

separation  achieved  becomes  increasingly  poorer  as  the  column  becomes 
ess  efficient  so  far  as  those  components  are  concerned.  If  a  nonvolatile 
esidue  is  known  to  be  present  in  a  charge,  a  chaser  may  be  used  to  push 
all  volatile  material  in  the  charge  to  the  head  of  the  column  the  condition 

tir  rat-fTis  s^,:^rd  if 

^ -r^ted." a — is — 

f 1  residue 

suiting  solution  may  then  be  fractionated  inn  u  and  the  re- 

and  adequate  efficiency.  This  slightlv  mm  1  T  Umn  °*  ^ow  holdup 

ty.  nis  slightly  complex  procedure  will  allow  nearly 
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100%  of  a  large  charge  to  be  fractionated  without  the  necessity  of  using  a 
low-capacity,  low-holdup  column  for  the  entire  fractionation. 

Charging  a  column  consists  of  pouring  the  material  to  be  fractionated  into 
the  still  pot  and  adding  a  volume  of  chaser  equal  to  about  twice  the  holdup 
of  the  column.  Still  pots  using  bare-wire  internal  electric  heaters  may 
need  an  amount  of  chaser  greater  than  twice  the  column  holdup  in  order 
to  ensure  that  the  heater  is  completely  submerged  in  liquid  when  the  end 
of  the  distillation  is  reached. 

The  charge  may  be  introduced  either  on  a  weight  basis,  or  a  volume  basis 
referred  to  some  standard  temperature.  For  general  laboratory  fractiona¬ 
tions,  charging  on  a  weight  basis  is  probably  more  satisfactory.  Similarly, 
fractions  can  be  collected  on  a  weight  basis.  If  final  results  are  desired  on 
a  volume  basis,  a  simple  mathematical  conversion  suffices  to  give  this. 
For  operating  on  a  weight  basis,  no  equipment  to  maintain  a  constant  re¬ 
ceiver  temperature  is  required.  Much  greater  precision  can  be  expected 
by  weighing  than  can  normally  be  attained  in  measuring  volume.  Still 
residues  can  be  weighed  directly  if  a  detachable  still  pot  is  used,  whereas 
if  the  volume  is  measured,  considerable  drainage  error  may  occur,  particu¬ 
larly  if  the  residue  is  viscous.  In  case  of  permanently  attached  still  pots, 
one  error  is  introduced  by  incomplete  removal  of  residue  from  the  still 
pots  by  suction,  and  a  second  error  is  made  through  incomplete  drainage  of 
the  suction  flask  if  the  volume  is  measured.  A  torsion  balance202  of  1‘20-g. 
capacity,  weighing  directly  to  0.01  g.,  offers  a  rapid  means  of  weighing 
fractions  taken  from  a  column.  Larger  fractions  may  be  weighed  on  an 
ordinary  trip  balance. 

V.  OPERATION 


1.  Beginning  of  Operation 

After  the  still  pot  has  been  charged  and  attached  to  the  column,  coolant 
is  started  through  the  condenser  and  the  system  is  brought  to  the  desired 
operating  pressure.  Preferred  practice  is  to  have  one  exit  from  the  column, 
usually  at  the  top  of  the  reflux  condenser,  connected  to  a  cold  trap,  to  con¬ 
dense  small  amounts  of  low-boiling  products  not  liquefied  by  the  condenser, 
and  thence  to  the  pressure-control  system.  A  cold  trap  is  especially  im¬ 
portant  in  low-pressure  operation  to  keep  condensable  vapors  out  of  the 
surge  tanks,  manostats,  and  pumps.  The  use  of  powdered  dry  tee  around 
the  cold  trap  without  liquid  is  entirely  adequate,  and  obviates  loss  of  liquid 
by  foaming  that  frequently  occurs  when  dry  ice  is  added  to  a  liquid  in  a 

Dewar  flask  surrounding  the  trap.203 

m2  The  Torsion  Balance  Company,  New  York.  Wri- 

Hall  and  Jonach,  Symposium  on  High-Temperature  Ana  yt  ral  Dist.llal.on,  A 

can  Petroleum  Institute,  Meeting  at  Chicago,  Illinois,  hov.  11,  1946. 
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When  starting  a  distillation,  time  can  be  saved  if  the  total  available  heat 
is  applied  to  the  still  pot  to  bring  the  distilland  to  boiling  as  rapidly  as  pos¬ 
sible.  With  low-boiling  distillands,  the  back  pressure  should  be  carefully 
watched  to  detect  the  start  of  boiling;  otherwise,  the  column  may  flood 
and  force  large  amounts  of  distillate  into  the  receiver  and  cold  trap.  Once 
boiling  has  started,  the  heat  should  be  reduced  to  approximately  the  value 
required  for  the  desired  back  pressure  and  boil-up  rate.  When  the  column 
uses  heated  jacket  sections  to  eliminate  heat  loss,  proper  adjustment  of 
the  power  input  to  the  jackets  should  be  made.  This  adjustment  can  be 
guided  only  by  experience.  Except  when  the  reflux  has  high  solubility  for 
water,  drops  of  water  will  usually  appear  in  the  condenser.  If  the  amount 
appears  significant,  it  should  be  eliminated  as  described  in  Section  IV-1. 
Once  the  water  is  eliminated,  the  column  may  be  preflooded. 


2.  Preflooding 

Preflooding  consists  in  increasing  the  boil-up  rate  to  such  a  degree  that 
the  reflux  cannot  return  to  the  still  pot,  but  fills  or  nearly  fills  the  column 
with  liquid;  in  so  doing,  the  packing  is  thoroughly  wetted  with  the  liquid 
being  distilled,  and  hence  is  in  the  condition  of  maximum  efficiencv.  Onlv 
packed  columns  need  be  flooded;  the  efficiency  of  bubble-cap  and  perfor¬ 
ated  plate  columns  is  not  improved  by  preflooding. 

Several  details  are  of  great  importance  in  the  flooding  operation  if  the 
column  is  to  be  conditioned  to  a  state  of  maximum  efficiency.  No  attempt 
should  be  made  to  flood  the  column  rapidly;  if  excessive  heat  is  applied  to 
the  still  pot  to  cause  rapid  flooding,  the  insulation  around  the  still  pot 
reaches  a  high  temperature.  This  stored  heat  will  cause  excessive  flooding 
and  force  condensate  into  the  receiver  and  cold  trap.  If  the  flood  is  brought 
on  gradually  by  increasing  the  heat  over  a  period  of  15  minutes  to  2  hours 
or  more,  depending  on  the  size  of  the  charge,  the  heater  and  still-pot  insula- 
lon  icach  the  temperature  necessary  to  give  a  vaporization  rate  satisfac- 
"!'  f0‘  a  con»ro'|al>le  flood.  At  this  point  reduction  of  the  heat  input  mav 
commence  and  the  flood  will  slowly  subside.  As  the  liquid  in  the  column 
sloudy  returns  to  the  still  pot,  it  thoroughly  wets  the  packing. 

the^a^  and 

equipped  Witli  a  back-pressure  manometer,  the  flooding  may  be  contZed 

ture).  As  soon  as  the  Cling  has  stonned  aT^  ®  C°1Umn  tempe- 
column  should  be  flooded  a  second  time  and  if\  ^  normal>  the 

until  the  back  pressure  reaches  a  mZZm Ci^ 
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In  general,  the  second  and  third  flooding  will  not  require  quite  as  much  heat 
on  the  still  pot  because  the  first  flooding  causes  a  reduction  of  column  capac¬ 
ity.  Under  no  circumstance  should  refluxing  stop  entirely.  If  it  does,  the 
favorable  effect  of  preflooding  will  be  partially  or  totally  lost.  Sometimes 
significant  amounts  of  product  will  be  forced  through  the  reflux  condenser 
into  the  receiver  during  the  flooding  operation.  This  material  can  be  re¬ 
turned  to  the  still  as  outlined  in  Section  IV-1.  After  preflooding,  the 
jackets  are  balanced  and  the  boil-up  rate  adjusted  by  reference  to  back¬ 
pressure  reading,  or  by  other  suitable  means. 

Back-pressure  readings  are  not  absolute  criteria  of  boil-up  rate.  In  a 
given  column,  under  one  set  of  operating  conditions,  a  particular  back 
pressure  will  indicate  a  certain  boil-up  rate  for  one  mixture  and  another 
boil-up  rate  for  another  mixture.  For  example,  back  pressures  in  milli¬ 
meters  mercury  for  one  type  of  column  at  150  ml.  per  hour  boil-up  are  as 
follows203:  C8  alkylate,  2.5;  C12  alkylate,  3.5;  benzene,  3.6;  toluene, 

3.9;  and  xylene,  5. 

Back  pressure  in  a  perforated-plate  column  was  constant  in  the  region  of 
1100-2200  ml.  per  hour  boil-up,  but  below  and  above  this  range  showed 
variation  with  boil-up.200 

3.  Establishing  Primary  Equilibrium 


In  normal  operation  the  column  is  kept  at  total  reflux  for  a  time  to  allow 
a  primary  equilibrium  to  be  established.  Time  on  total  reflux  is  generally 
greater  for  columns  of  large  dynamic  holdup  than  for  columns  of  low  dy¬ 
namic  holdup.  No  exhaustive  study  of  the  factor  has  been  made.  High- 
efficiency  columns  (100  or  more  theoretical  plates)  are  kept  at  total  reflux 
for  a  period  of  24  to  36  hours204;  3  to  4  hours  has  been  found  satisfactory 
on  small  80-plate  analytical  columns203;  7  hours  at  total  reflux  is  required 
to  reach  equilibrium  in  a  Hyper-Cal  column  of  65  theoretical  plates.205  A 
practical  guide  is  to  hold  the  column  at  total  reflux  until  the  head  tempera¬ 
ture  reaches  a  minimum  after  the  column  has  been  flooded  and  is  opeiating 
smoothly.  Precise  control  of  operating  pressure  and  means  of  detecting 
small  changes  in  head  temperature  are  necessary  if  this  method  is  to  be  used. 
Small  amounts  of  material  in  the  distilland  boiling  much  lower  than  the 
next  higher  boiling  component  may  falsely  indicate  equilibrium  before  true 
equilibrium  is  established  in  the  column. 


204  Willingham  and  Rossini,  J.  Research  Natl.  Bur.  Standards,  37,  15  (1946). 

205  Brandt,  Perkins,  and  Halverson,  Symposium  on  High-Temperature  Analytical 
Distillation,  American  Petroleum  Institute,  Meeting  at  Chicago,  Illinois,  Nov.  11,  1946. 
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4.  Product  Collection 

Once  the  column  has  been  brought  to  its  primary  equilibrium,  collec¬ 
tion  of  product  is  started.  Mechanically  this  consists  of  putting  into  opeia- 
tion  whatever  device  is  used  to  permit  withdrawal  ot  a  pait  of  the  distillate 
from  the  column  at  a  uniform  rate,  the  balance  being  condensed  and  re¬ 
turned  to  the  column  as  reflux.  The  ratio  of  these  two  quantities  is  the  re¬ 
flux  ratio;  the  larger  numerical  value  conventionally  being  in  the  numera¬ 
tor.  The  reflux  ratio  must  be  fixed  at  a  value  as  high  as  necessary  to  give 
the  desired  purity  in  the  distillate;  any  higher  value  wastes  time.  The 
actual  reflux  ratio  to  be  used  can  only  be  approximated.  For  columns  with 
low  boil-up  rate,  the  number  of  drops  falling  off  the  cold  finger  of  the  reflux 
condenser  per  unit  time  can  be  counted  and  the  product  rate  adjusted  to  a 
fraction  of  this  number  to  give  a  prescribed  reflux  ratio.  Vapor  and  liquid 
dividing  heads,  actuated  by  a  timing  mechanism,  may  be  used  to  collect 
all  the  distillate  for  a  fraction  of  the  time,  and  thus  establish  the  reflux 
ratio.  None  of  these  methods  is  precise  because  side-wall  condensation, 
existing  to  some  degree  in  all  columns,  is  not  included  in  the  estimate  of  the 
reflux  ratio.  * 

A  fairly  sound  empirical  method  for  setting  the  reflux  ratio  consists  in 
establishing  a  product  rate  that  will  give  a  product  of  the  desired  purity  as 
measured  by  boiling  point,  refractive  index,  or  other  suitable  means.  If 
boiling  point  is  to  be  used  as  a  criterion  of  purity,  the  temperature-measur¬ 
ing  element  must  be  protected  from  extraneous  effects,  such  as  drafts  and 
splashing  of  cold  reflux,  that  would  cause  changes  in  temperature  readings 
unconnected  with  real  variations  in  vapor  temperature.  Significant  varia¬ 
tions  in  operating  pressure  should  also  be  excluded  when  vapor  temperature 
is  used  as  a  measure  of  product  purity.  Elimination  of  these  factors  en¬ 
sures  that  a  temperature  reading  has  real  meaning;  how  precisely  a  tem- 
peratuie  can  be  read  is  the  limiting  factor  in  the  use  of  vapor  temperature 
as  a  measure  of  product  purity.  Several  temperature-measuring  elements 
are  discussed  in  Part  1.  It  suffices  here  to  state  that  vapor  temperatures 
should  be  readable  to  at  least  0.1°C.  and  preferably  to  0.05°C.,  or  less. 

Refractive  index  is  frequently  a  much  more  accurate  indicator  of  product 
purity  than  is  boiling  point.  When  sufficient  difference  exists  in  refrac¬ 
tive  indices  of  two  successively  distilling  components  of  a  mixture  this 
measurement  is  more  reliable  than  vapor  temperature  in  that  it  is  not  sub¬ 
ject  to  the  variations  associated  with  vapor-temperature  readings. 

In  establishing  a  suitable  reflux  ratio,  no  effort  should  be  made  to  es¬ 
tablish  the  bare-mimmum  value  because  the  minimum  value  suffices  onlv 
foi  a  short  interval  when  the  still  composition  has  a  certain  value.  Removal 
of  product  changes  the  still  composition,  and  hence  requires  a  nevv  and 
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Ig  er  reflux  ratio.  Accordingly,  the  more  practical  procedure  is  to  set  the 
reflux  ratio  higher  than  is  actually  required  at  the  beginning  of  a  distilla¬ 
tion,  and  then  modify  the  reflux  ratio  as  required  by  subsequent  changes  in 
t  e  composition  of  the  material  in  the  still.  If  time  permits,  the  simplest 
procedure  is  to  set  the  reflux  ratio  at  a  value  equivalent  to  or  somewhat 
above  the  value  equivalent  to  the  number  of  theoretical  plates  in  the  column 
(as  measured  under  total  reflux).  See  Chapter  I,  Section  VI. 

Some  operators  reduce  the  reflux  ratio  when  a  plateau  in  the  distillation 
tui\  e  has  been  reached.  This  practice  is  permissible  if  the  reflux  ratio  used 
just  piior  to  the  advent  of  the  plateau  has  been  deliberately  increased  to 
sharpen  the  break  between  the  two  components  under  immediate  considera¬ 
tion,  and  if  the  reflux  ratio  used  during  the  break  is  higher  than  is  necessary 
to  give  the  desired  separation  of  the  next  higher  boiling  component  from  the 
material  in  the  plateau  region.  That  is,  the  plateau  exists  solely  because 
the  reflux  ratio  is  adequate,  and  any  significant  reduction  of  the  reflux  ratio 
may  reduce  the  separating  power  of  the  column  for  the  particular  mixture 
being  distilled.  Mixtures  with  which  an  operator  is  familiar  may  allow 
marked  changes  in  reflux  ratio  to  be  made  as  the  several  components  come 
into  product  range;  but  with  unknown  mixtures,  the  permissible  variation 
of  reflux  ratio  is  much  narrower  unless  there  is  no  objection  to  a  certain 
amount  of  redistillation.  Without  prior  knowledge,  there  is  certainly  no 
justification  for  reducing  a  reflux  ratio  simply  because  a  plateau  appears  in 
a  distillation  curve. 

5.  Size  of  Fractions 

In  analytical  distillations  when  a  detailed  picture  of  the  composition  of  a 
mixture  is  to  be  obtained,  small  fractions  of  the  order  of  1%  of  the  charge 
are  satisfactory.  Smaller  cuts  during  the  transition  from  one  component 
to  the  next  may  be  desirable  under  some  circumstances.  When  a  distilla¬ 
tion  is  being  performed  to  isolate  one  or  more  components  in  sizable  quan¬ 
tities  and  prior  knowledge  of  composition  justifies  it,  much  larger  fractions 
may  be  taken  if  larger  receivers  are  used.  A  certain  amount  of  caution 
should  be  used  under  this  procedure  to  avoid  contaminating  a  pure  distil¬ 
late  with  the  next  higher  boiling  component  should  a  transition  occui  un¬ 
expectedly. 

During  a  fractionation,  a  definite  schedule  for  securing  the  distillation 
data  is  desirable  to  give  reliable  results;  if  several  columns  are  attended 
by  one  operator,  a  schedule  is  imperative.  When  operating  high-efficiency 
columns  where  the  percentage  of  product  removed  per  unit  time  is  nor¬ 
mally  small,  readings  should  be  taken  hourly  if  the  charge  is  complex  or  ol 
unknown  complexity.  These  readings  include  vapor  temperature  still 
temperature,  condition  of  heat  balance  in  the  jacketed  sections  of  the 
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column,  back  pressure,  if  this  is  used  as  a  measure  of  boil-up  rate,  or  deter¬ 
mination  of  the  number  of  drops  of  condensate  falling  from  the  reflux  con¬ 
denser  per  minute.  Appropriate  adjustment  of  variable  transformers  con¬ 
trolling  the  several  heaters  are  made  at  this  time.  All  temperature  readings 
and  voltage  readings  of  the  variable  transformers  are  recorded  primarily 
for  check  purposes  and  also  as  a  guide  for  future  work  on  the  column.  The 
vapor  temperature  should  also  be  determined  at  the  time  a  fraction  is  taken. 
A  check  on  product  rate  should  be  made  occasionally  either  by  counting 
drops  or  by  noting  the  volume  of  product  collected  in  a  given  time.  With 
simpler  mixtures,  less  frequent  checking  of  column  behavior  is  required, 
particularly  if  the  composition  is  known  approximately,  and  only  certain 
major  components  are  of  interest. 

Less  efficient  columns  are  normally  operated  with  greater  product  rate, 
and  will  accordingly  require  more  frequent  attention  if  fractions  of  the  same 
relative  size  are  being  collected;  however,  the  essentials  are  as  outlined 
above. 

When  the  distillation  is  nearing  completion,  the  boil-up  rate  will  drop 
rather  rapidly  if  no  chaser  is  used.  If  a  chaser  is  used,  the  approaching  end 
of  the  distillation  will  be  indicated  first  by  a  rapid  increase  in  still-pot  tem- 
peiatuie,  and  a  laige  increase  in  the  heat  required  by  the  column  jackets. 
When  the  vapor  temperature  rises  to  the  boiling  point  of  the  chaser,  the 
distillation  is  finished.  At  this  point  the  still  is  disconnected  from  the  pres¬ 
sure-control  system,  the  electric  power  turned  off,  and  the  column  im¬ 
mediately  brought  to  atmospheric  pressure  with  oxygen-free  nitrogen  or 
carbon  dioxide.  A  positive  pressure  of  one  to  two  pounds  of  the  inert  gas 
"il  prevent  oxidation  of  liquid  adhering  to  the  packing  during  drainage 
and  cooling.  After  cooling  to  a  suitable  lower  temperature,  the  still  pot 
may  be  disconnected,  weighed,  cleaned,  and  reweighed  to  determine  the 

mavT'  2  'e  St'  POt  18  Permanen%  10  th«  column,  the  residue 

may  be  withdrawn  by  suction  into  a  tared  flask  and  weighed  The  total 

charge  weiX^Wff"*1  “  *nd  residue  wi"  be  less  than  the 

and  ma  e  fa  adll  ilgfjX^m  ^ ''‘VP  ^  °f  C°'Umn 

.  ~  .  tciing  ro  tne  stiff  pot.  1  his  material  may  be  recovered 
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in  the  column  will  remove  the  higher-boiling  cleaning  agent  and  simplify 
drying  of  the  packing  with  a  stream  of  carbon  dioxide.  A  little  heat  ap¬ 
plied  to  the  jackets  will  hasten  the  drying  process  except  in  vacuum- 
jacketed  columns.  The  column  should  then  be  sealed  to  prevent  access 
of  air  until  the  next  distillation  is  to  be  made.  This  method  of  cleaning  a 
column  will  ensure  years  of  satisfactory  service. 


6.  Interpretation  of  Results 

A  normal  fractionation  can  provide  (1)  a  set  of  boiling  points,  or  vapor 
temperatures,  for  the  fractions  collected  during  the  distillation,  (2)  the 


volume  or  weight  percentage  of  the  charge  distilled,  and  (o)  a  gioup  of  frac¬ 
tions  of  greater  or  lesser  purity  depending  upon  the  working  efficiency  ol 
the  column,  the  reflux  ratio,  and  the  complexity  ol  the  distilland. 

The  first  step  in  the  interpretation  of  these  data  consists  in  plotting 
vapor  temperatures  as  ordinates  and  per  cent  distilled  as  abscissa  on  rec- 
tangular  coordinate  paper.  Provided  that  the  column  was  of  adequate 
efficiency  and  was  so  operated  as  to  separate  each  componen  in  su  )s  an 
tially  pure  condition  from  all  other  components  in  the  charge,  and  provider 
the  holdup  was  small  in  comparison  to  the  amount  of  any  compjn  P^; 
ent  the  resulting  curve  of  boiling  points  versus  per  cent  distilled  will  con 
sist’of  a  series  of  horizontal  lines  or  plateaus  parallel  to  the  abscissas  joined 
by  sigmoid  lines,  as  shown  in  Figure  66.  Each  plateau  may  represent  a 
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pure  component,  and  the  amount  of  the  pure  component  separated  by  the 
column  can  be  determined  by  inspection.  The  total  amount  of  any  com¬ 
ponent  in  a  mixture  will  include  the  material  in  the  breaks  indicated  on  the 
curve  by  the  sigmoids  at  each  end  of  a  plateau.  As  a  first  approximation, 
the  amount  of  a  component  in  a  break  can  be  estimated  by  drawing  a  line 
vertical  to  the  abscissas  at  a  point  halfway  between  the  beginning  of  one 
plateau  and  the  end  of  the  adjacent  plateau  representing  the  next  lower 
and  next  higher  boiling  components.  For  many  practical  purposes  analyti¬ 
cal  results  obtained  by  this  method  are  of  sufficient  accuracy.  If  the 
analytical  requirements  are  more  stringent,  other  means  are  advisable  for 
determining  the  composition  of  the  breaks.  These  methods  will  be  dis¬ 
cussed  later. 

Although  Figure  66  represents  a  conceivable  distillation,  it  is  by  no 
means  typical  of  the  majority  of  cases.  An  extreme  case  of  complexity  is 
shown  in  Figure  67,  which  represents  an  analytical  distillation  of  C4  alkyl¬ 
ate  (H2S04)  as  carried  out  in  a  column  of  approximately  200  theoretical 
plates  at  the  National  Bureau  of  Standards.204 

Inspection  of  Figure  67  reveals  seven  plateaus  in  the  boiling-point 
curve,  only  one  of  which  is  sufficiently  inclined  to  arouse  suspicion  of  in¬ 
homogeneity.  Within  this  region  of  87%  distilled,  only  six  components 
are  indicated,  while  the  rising  trend  in  the  region  of  54  to  83%  distilled 
indicates  two  or  more  components.  Actually,  a  more  comprehensive 
analysis  by  infrared  techniques  showed  the  presence  of  19  components  in 
the  first  87%  distilled ;  one  of  the  plateaus  cited  above  included  three  of  the 


19  components. 

Rarely,  if  ever,  is  a  distillation  interpreted  on  the  basis  of  vapor  tempera¬ 
ture  only.  The  common  practice  of  determining  the  refractive  index  of  the 
fractions  as  they  are  collected  from  a  column  permits  an  independent  and 
usually  more  precise  measure  of  product  purity  to  be  made  quickly  with 
only  a  very  small  amount  of  sample.  Once  the  refractive  indices  of  the 
fractions  have  been  measured,  a  curve  of  refractive  index  versus  per  cent 
distilled  can  be  drawn,  preferably  on  the  same  sheet  of  co-ordinate  paper 
containing  the  vapor-temperature  curve,  as  shown  in  Figure  67  by  the 
broken-line  curve.  The  combination  of  vapor-temperature  and  refractive- 
index  data  provides  a  sounder  basis  for  interpretation  of  the  fractionation. 
In  the  particular  case  depicted  in  Figure  67,  only  three  of  the  seven  plateaus 
of  the  vapor-temperature  curve  show  corresponding  plateaus  in  the  relrac- 
tive-index  curve;  all  other  sections  of  the  refractive-index  curve  showed 
wide  deviation  from  flatness.  Examination  by  infrared  analysis  ol  those 
fractions  whose  vapor-temperature  curves  and  refractive-index  curves 
were  parallel  confirmed  the  homogeneity  ot  the  samples,  on  t  ic  o  lei 
hand,  infrared  analysis  on  fractions  whose  curves  of  vapor  temperature 
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and  refractive  index  deviated  showed  the  presence  of  several  components. 
The  distillation  was  immediately  effective  only  for  determining  and  iso¬ 
lating  2,3-dimethylbutane,  2,2,4-trimethylpentane,  and  2,2,5-trimethyl- 
hexane;  probably  of  equal  importance  was  the  isolation  of  greatly  simpli¬ 
fied  mixtures  of  components  whose  analysis  by  infrared  spectra  was  more 
easily  and  precisely  accomplished  than  would  have  been  possible  with  the 
original  alkylate. 

In  general,  a  group  of  fractions  showing  constant  vapor  temperature  and 
constant  refractive  index  during  distillation  may  be  presumed  to  be  of  uni¬ 
form  composition  and  substantially  a  pure  compound,  unless  an  azeotrope 
has  been  formed.  Greater  significance  attaches  to  constancy  of  refractive 
index  than  to  constancy  of  boiling  point  inasmuch  as  slight  random  varia¬ 
tions  in  boiling  point  frequently  occur  even  when  highly  purified  compounds 
are  distilled. 

As  was  mentioned  earlier,  Figure  67  represents  a  fractionation  much 
more  complex  than  those  normally  encountered  in  many  fields  of  organic 
research.  For  these  simpler  mixtures  vapor-temperature  and  refractive- 
index  curves  of  the  fractions  may  be  drawn  as  explained  above,  and  a  first 
approximation  of  the  composition  of  the  distilland  determined.  Further 
refinement  of  the  analysis  is  then  possible  by  combining  the  fractions  taken 
during  the  breaks,  determining  their  refractive  index,  and  calculating  their 


composition  from  the  known  refractive  index  of  the  two  components  be¬ 
tween  which  the  breaks  are  collected.  Whether  this  procedure  is  permis¬ 
sible  depends  in  general  on  the  character  of  the  refractive-index  curve  in 
the  region  of  the  breaks.  If  the  curve  shows  a  smooth  transition  from  the 
refractive  index  of  one  plateau  to  the  next  plateau  without  dips  or  peaks, 
the  break  cuts  can  be  considered  to  be  a  simple  binary  mixture  of  the  two 
adjacent  components.  In  calculating  the  composition  of  the  combined 
break  cuts,  a  linear  relationship  between  refractive  index  and  composition 
is  assumed.  If  there  are  no  pronounced  volume  changes  or  temperature 
changes  when  the  pure  components  are  mixed,  departures  from  linearity 
are  small;  inasmuch  as  the  total  break  fractions  represent  a  relatively 
small  proportion  of  the  total  fractions  between  which  the  break  occurs  small 
departures  of  the  refractive  index  of  the  mixture  from  strict  linearity  will 
not  greatly  affect  the  composition  so  established..  Qualitative  information 
about  the  composition  of  the  distilland  may  disclose  the  presence  of  small 
amounts  of  materials  distilling  in  the  region  of  the  break  between  kev  com¬ 
ponents  If  this  situation  exists,  other  means  of  analyzing  the  break  frac- 
tions  will  be  necessary  If  the  difference  in  refractive  index  of  two  com- 

ponents  m  the  break  fractions  is  small,  the  use  of  refractive  index  for 
anal}  zing  these  fractions  may  not  be  so  effppHv^ 
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Although  20°C.  is  the  temperature  commonly  used  for  measuring  refrac¬ 
tive  indices,  there  is  some  trend  toward  25°  and  a  temperature  of  30°  would 
be  more  satisfactory  in  many  laboratories.  Frequently  during  hot  days  of 
summer,  when  the  relative  humidity  is  high,  refractometer  prisms  held  at 
20°  will  condense  sufficient  moisture  to  make  them  unusable.  At  30°  no 
trouble  will  be  encountered.  There  is  the  further  advantage  that,  whereas 
a  constant-temperature  bath  for  a  refractometer  may  require  refrigerated 
water  for  20°  operation,  ordinary  tap  water  may  be  satisfactory  when  the 
bath  is  held  at  30°. 

There  is  the  objection  that  much  of  the  literature  reports  refractive  in¬ 
dices  at  20°.  For  a  given  laboratory,  where  the  variety  of  compounds  is 
probably  not  large,  this  objection  can  be  overcome  by  measuring  the  refrac¬ 
tive  index  of  the  most  commonly  used  compounds  at  both  20°  and  30°  to 
establish  the  temperature  coefficient  of  the  series,  and  then  adopting  the 
higher  temperature  for  practical  use. 

In  addition  to  vapor  temperature  and  refractive  index  commonly  used  in 
following  the  course  of  a  distillation  and  as  a  means  of  interpreting  a  dis¬ 
tillation,  other  physical  properties  are  used  to  gain  a  more  complete  picture 
of  the  mixture  being  investigated.  These  include  determination  of  density, 
viscosity,  optical  rotation,  and  melting  point.  Generally  these  methods 
are  used  only  when  refractive  index  or  boiling  point,  or  both,  give  an  ambig¬ 
uous  answer.  Optical  rotation  is  used  with  such  naturally  occurring 
products  as  the  terpene  hydrocarbons  and  their  derivatives.  Melting  and 
freezing  points  may  have  wider  application,  particularly  as  a  criterion  of 
purity.  Use  of  freezing  points  has  been  greatly  extended  by  recent  inves¬ 
tigations  of  low-melting  hydrocarbons.206  Procedures  for  making  these 
physical  measurements  may  be  found  in  books  on  physicochemical  meth¬ 
ods207  or  in  the  original  literature.  Ultraviolet,  infrared,  Raman,  and  mass 
spectral  analyses  are  being  more  widely  used  both  lor  qualitative  and  quan¬ 


titative  analyses.  ... 

A  number  of  chemical  methods  are  available  to  help  in  analyzing  and  in- 

terpreting  distillation  data.  These  include  determination  of  bromine 
number,  acid  number,  saponification  number,  iodine  number,  and  carbonyl 
value,  used,  respectively,  in  studying  unsaturation  of  hydrocarbons,  iden¬ 
tification  of  acids,  identification  of  esters,  unsaturation  of  tatty  acids 

and  esters,  and  determination  of  ketones  and  aldehydes. 

Specific  problems  of  interpretation  may  require  the  use  ot  catalytic  hy¬ 
drogenation  to  determine  unsaturation,  the  Zerewitmofif  method  for  de¬ 


al.  Glasgow,  Streiff,  and  Rossini,  Paper  for  Division  of  Petroleum  Chemistry,  American 

C“  steteo  <V°1Ume  tWS  SerieS>’ 
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termining  active  hydrogen,  the  acetyl  method  for  hydroxyl  groups,  and  the 
direct  determination  of  oxygen.208-209  In  addition  to  these,  the  methods  foi 
determining  carbon,  hydrogen,  methoxyl,  halogens,  nitrogen,  phosphorus, 
sulfur,  and  metals  in  volatile  metallo-organic  compounds  contribute  infor¬ 
mation  beyond  the  limit  of  fractional  distillation  and  simple  physical 
measurements. 

Certain  unavoidable  losses  occur  in  nearly  every  distillation  \v ith  the  re¬ 
sult  that  the  total  weight  or  volume  of  distillate,  residue,  and  static  holdup 
does  not  equal  the  weight  or  volume  of  the  distilland.  W  hen  the  equip¬ 
ment  is  properly  constructed  and  operated,  total  losses  should  not  exceed 
3%  of  the  charge,  and  may  be  reported  as  “loss,”  or  may  be  distributed 
over  the  several  fractions  in  the  ratio  of  the  weights  or  volumes  of  the  frac¬ 
tion  to  the  weight  or  volume  of  the  charge.  This  refinement  is  scarcely 
justified  in  ordinary  fractionations  yielding  a  great  many  fractions.  Wrhen 
the  residue  is  essentially  nonvolatile  compared  to  the  distillate,  the  loss 
should  be  distributed  among  the  fractions  of  distillate. 

Larger  losses  ranging  up  to  15  to  20%  of  a  charge  may  be  incurred 
through  leakage  at  the  still-pot  joint,  or  through  inadequate  traps  at  the 
condenser  exit,  particularly  when  distilling  material  containing  low-boiling 
components.  Operation  of  a  column  at  a  pressure  slightly  below  atmos¬ 
pheric  so  that  the  still-pot  pressure  is  less  than  the  prevailing  atmospheric 
pressure  will  prevent  loss  of  vapor  from  a  still-pot  joint.  If  leakage  at  the 
joint  should  occur,  a  drop  in  vapor-liquid  equilibrium  temperature  will 
take  place;  the  column  may  then  be  shut  down  and  the  leak  eliminated. 
At  greatly  reduced  pressures,  the  same  conditions  prevail  to  a  greater  ex¬ 
tent.  1  he  air  drawn  through  the  still  pot  and  column  becomes  saturated 
with  vapor,  and  any  vapor  not  removed  from  the  gas  stream  becomes  a  part 
of  the  total  losses. 

Wrhen  distillation  losses  are  large,  as  they  may  be  through  failure  of  the 
equipment  as  described  above,  proper  distribution  of  the  losses  among  the 
different  fractions  can  be  only  a  poor  estimate;  in  fact  there  is  no  solution 
to  the  problem  except  to  build  the  equipment  and  conduct  the  distillation 
to  avoid  all  but  nominal  losses;  in  other  words,  the  still  pot  should  be 
sealed  to  the  column  with  a  glass-to-glass  seal,  and  the  charge  line  closed 

with  a  lubricated  plug  which  is  in  a  region  of  low  vapor  and  liquid  concen¬ 
tration. 


-08  Marks,  Ind.  Eng.  Chem.,  Anal.  Ed.,  7,  102  (1035) 
209  Aluise,  Hall,  Staats,  and  Becker,  Ind.  Eng.  Chem., 


Anal.  Ed.,  19,  347  (1947). 
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EXTRACTIVE  AND  AZEOTROPIC  DISTILLATION 


Carl  S.  Carlson,  Standard  Oil  Development  Company 


I.  INTRODUCTION  AND  DEFINITIONS 

In  laboratory  separations  of  volatile-liquid  mixtures  and  frequently  in 
industrial  separations,  the  goal  is  to  obtain  the  components  of  the  mixture 
in  pure  form  or  to  recover  at  least  one  of  the  components  virtually  pure. 
The  first  and  frequently  the  only  step  in  such  separations  is  fractional  dis¬ 
tillation.  In  certain  cases,  however,  complete  separation  by  fractional 
distillation  is  impossible  or  impractical.  A  concentrate  prepared  by  ef¬ 
ficient  fractional  distillation  can  often  be  further  separated  into  fractions 
of  different  molecular  type  by  extractive  or  azeotropic  distillation. 

As  discussed  in  Chapter  I,  the  separation  of  mixtures  by  fractional  dis¬ 
tillation  depends  on  differences  in  volatility  of  the  materials  to  be  separated. 
In  general,  the  volatility  of  a  compound  (which  in  ideal  solutions  is  the 
vapor  pressure  of  the  pure  material  in  a  homologous  series)  will  be  inversely 
proportional  to  its  molecular  weight  and  boiling  point.  As  the  molecular 
w  eight  of  members  of  an  organic  series  increases,  the  number  of  possible 
compounds  of  similar  volatility  increases  exponentially  and  the  complete 
separation  of  the  liquid  mixture  becomes  increasingly  difficult,  if  not  im- 

^  f?i°Dal  distillation-  Added  to  this  is  the  complication  that 

ti,jr  STf  <  lf  f  ™°leCUiar  types  may  have  nearl-v  ‘he  same  vola- 
t>  or  boiling  point.  For  example,  the  six-carbon  hydrocarbons  ben- 

b0i‘  ^  801  and  8°-8‘C-  resPe°t*vely.1  As  s^para- 
ons  by  distillation  became  more  difficult,  the  efficiency  and  total  separat 

't. fractionatinf  <*»“"»»  were  increased.  Laboratory 

mt"-.  Vht  column  '7°Wer  A100  th60retical  plates  are  «<*  uncom- 

-  — —rtrs'sr'rr  zz 

ClevS^  Ch*niSlrV  °Ud  PkvSiC ’■  2Bth  OmM  Rubber  Publishing  Co., 

*  T"1"  2*’  644 

Huffman  and  Urey,  M.  Eng.  Chem.,  29,  531  (1937). 
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power,  a  difference  in  the  volatilities  of  the  materials  to  be  separated  must 
exist  for  any  separation  to  be  achieved. 

A  logical  development  in  the  application  of  fractional  distillation  is  the 
modification  of  the  volatilities  of  the  components  of  the  mixture  to  be  sep¬ 
arated.  In  extractive  distillation  and  in  azeotropic  distillation  this  is  ac¬ 
complished  by  the  addition  of  certain  solvents.  Another  method  is  to 
carry  out  the  distillation  under  reduced  pressure  (Chapters  V  and  VI). 
Before  discussing  extractive  and  azeotropic  distillation,  a  few  terms  will  be 
defined  and  explained. 

Volatility,  v,  is  a  measure  of  the  tendency  of  a  compound  to  enter  the 
vapor  phase.  For  a  pure  compound,  the  vapor  pressure  at  a  given  tem¬ 
perature  or  the  boiling  point  at  atmospheric  pressure  is  indicative  of  its 
volatility.  In  a  solution  the  tendency  of  the  compound  to  vaporize  may  be 
altered  by  the  other  compounds  present.  Since  we  are  interested  in  the 
recovery  of  the  compound  from  solution,  the  volatility,  having  varying 
numerical  values  in  different  solutions,  must  be  defined  for  the  material 
in  solution: 

v  —  y/x  (1) 

where  v  is  the  volatility,  y  is  the  mole  fraction  in  the  vapor  phase  at  equilib¬ 
rium,  and  x  is  the  mole  fraction  of  the  same  compound  in  the  liquid  phase 

at  equilibrium. 

Relative  Volatility,  a.  The  ease  of  separation  by  fractional  distilla¬ 
tion  depends  upon  the  volatility  of  one  compound  relative  to  that  of  the 
others  present  in  the  system.  For  simplicity,  consider  a  binary  system 
of  A  and  B.  The  relative  volatility,  aAB,  is  defined  as: 

«AB  =  (vA/vB)  =  ( 2/a/ 2/b)/ (^a/^B ) 


Again  for  an  ideal  solution,  a  is  equal  to  the  ratio  of  the  vapor  pressures 
of  the  compounds  at  the  temperature  of  the  boiling  liquid  (see  equation 
11).  In  general,  in  the  absence  of  specific  experimental  data,  the  vapor 
pressure  ratio  is  used  as  a  rough  index  of  ease  of  separation  In  mu  i- 
component  systems,  the  relative  volatilities  are  usually  referred  to  the  least 
volatile  compound  and  when  written,  for  example,  in  a  four-component 
system,  they  are  designated  as  aA.D,  or  «b-d.  etc.,  where  A  is  the  mostvola- 
HIp  and  D  is  the  least  volatile  component. 

Modified  Relative  Volatility,  <x8-  As  was  imPlied  above/  !t  18  ^Toposea 
to  modify  the  normal  volatility  relationships  of  a  mixture  by  the  additio 
If  a  solvent  In  the  presence  of  a  solvent,  this  modified  relative  vola- 

tility  will  be  designated  as  «s: 

«s  =  (?/ as/ 2/bs)/  (*^as/*^bs)  (  ) 
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where  yAS,  xAS,  yB s,  and  zBs  are  the  mole  fractions  of  A  and  B  in  the  vapor 
phase  (y)  and  in  the  liquid  phase  (x),  respectively,  all  in  the  presence  of  a 
solvent  at  equilibrium.  The  above  concentrations  may  be  expressed  on  a 
multicomponent  basis  or  on  a  binary  basis,  as  long  as  the  basis  is  consistent. 

Extractive  Distillation.  Vapor-liquid  extraction,  or  extractive  dis¬ 
tillation,  involves  distillation  in  the  presence  of  a  substance  which  is 
relatively  nonvolatile  compared  to  the  components  to  be  separated  and 
which  is  selected  to  enhance  the  relative  volatility  of  the  components  to  be 
separated.  It  is  added  continuously  near  the  top  of  the  distilling  column 
so  that  an  appreciable  concentration  is  maintained  in  the  liquid  phase 
throughout  the  column.6’7  In  the  proportions  used,  the  solvent  is  mis¬ 
cible  with  the  mixture  to  be  separated  at  the  temperature  of  the  distillation. 

Azeotropism.  The  property  by  virtue  of  which  certain  liquid  mixtures 
distil  at  a  constant  temperature  under  a  constant  pressure  without  change 
in  composition  is  called  azeotropism.8 

Azeotropic  Mixture  or  Azeotrope.  An  azeotropic  mixture  or  azeotrope 
boils  or  distils  without  change  in  composition,  and  in  general  it  has  a 


boiling  point  higher  or  lower  than  that  of  any  of  its  pure  constituents.9 
A  constant-boiling  mixture,  C.B.M.,  is  another  designation  for  an  azeo¬ 
tropic  mixture. 

Azeotropic  Distillation.  A  distillation  in  which  one  of  the  products 
is  obtained  as  an  azeotropic  mixture  is  known  as  azeotropic  distillation 
in  its  broad  sense.  In  the  present  discussion,  however,  azeotropic  dis¬ 
tillation  is  defined  as  distillation  in  the  presence  of  a  volatile  component 
added  to  facilitate  separation  by  distillation  when  one  or  more  of  the  com¬ 
ponents  of  the  original  mixture  is  obtained  in  a  fixed  ratio  to  the  added 
component.  Referring  to  a  binary  mixture  for  convenience,  the  addition 
to  the  feed  of  a  third  component,  S,  capable  of  forming  a  minimum-boiling 
azeotrope  with  all  of  one  component,  A,  will  yield  a  distillate  containing 

.  and  S,  m  a  fixed  ratio.  This  will  be  true  as  long  as  sufficient  A  and  S  are 
present. 

Homogeneous  Azeotrope.  A  single  liquid-phase  mixture  which  has 
the  same  composition  as  the  vapor  in  equilibrium  with  it  is  called  a  homo¬ 
geneous  azeotrope  or  constant-boiling  mixture,  C.B.M.  For  binarv  mix 

tmnes  h^h  T  COmpositions  are  the  same  and  the  binary  azeo- 

opes  have  boiling  points  different  from  those  of  either  of  the  pure  ma- 
tei  lals  making  up  the  mixture. 


6  Benedict  and  Rubin,  Trans.  Am.  Inst.  Chem.  Engrs  41  353  (19451 
41,  6«1(1945)  ^  PleTOtti'  ^  W  “‘row  Engrs., 

*  2-  109  (1930). 
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Heterogeneous  Azeotrope.  The  term  azeotropic  mixture  has  also 
been  applied  to  the  distillate  obtained  by  the  distillation  of  a  binary  mix¬ 
ture  having  two  liquid  phases.  As  long  as  two  liquid  phases  exist  the 
\apoi  will  be  of  constant  composition.  A  common  example  is  steam  dis¬ 
tillation  with  a  water  phase  present. 

Solvent.  The  separating  aid  used  in  extractive  distillation  is  usually 
referred  to  as  a  solvent.  It  is  usually  much  higher  boiling,  by  50  to 
100°C.,  than  the  mixture  to  be  separated. 

Entrainer.  Since  most  azeotropes  have  minimum  boiling  points  the 
agent  added  to  form  the  azeotrope  usually  appears  in  the  distillate. 
Hence  it  is  commonly  called  an  entrainer.  Its  boiling  point  is  generally 
close  to  that  of  the  mixture  to  be  separated. 

In  extractive  distillation,  a  solvent  is  added  continuously  near  the  top  of 
the  distillation  column  to  maintain  a  high  solvent  concentration  in  the 
liquid  phase.  In  azeotropic  distillation,  a  solvent  is  added  with  the  charge 
to  be  distilled  to  produce  an  azeotropic  mixture  with  one  or  more  of  the 
components  of  the  mixture. 

II.  EXTRACTIVE  DISTILLATION 
1.  Scope 

Extractive  distillation  is  frequently  helpful  even  when  a  difference  in 
volatilities  exists  in  the  absence  of  a  solvent,  because  an  appreciable  reduc¬ 
tion  in  the  theoretical-plate  requirements  or  reflux  ratio  can  be  obtained. 
The  relationship  between  relative  volatility,  a,  and  the  number  of  theoret¬ 
ical  plates  required  for  a  given  separation  is  illustrated  in  Table  I.  This 
table10  is  based  on  the  separation  of  a  binary  hydrocarbon  mixture  into  a 


TABLE  I 


Relation  between  Relative  Volatility  and  Number  of  Perfect  Plates 


Boiling 

point 

difference, 

°C. 

Relative 

volatility* 

Number  of 
theoretical 
plates  needed 

7.0 

1.3 

22 

6.0 

1.25 

2t» 

5 . 0 

1.20 

32 

4.0 

1.15 

41 

2.75 

1.10 

60 

1.5 

1.05 

110 

0 

1.00 

Infinite 

*  Assuming  an  ideal  solution  and  the  perfect  gas  laws, 


io  Fenske,  in  Science  of  Petroleum .  Dunstan,  Nash,  Brooks,  and  Tizard,  eds. 
Oxford  Univ.  Press,  New  York,  1938,  p.  1631. 
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distillate  containing  95  mole  per  cent  of  the  more  volatile  or  lower-boiling 
material  and  a  residue  containing  only  5  mole  per  cent  of  the  same  compo¬ 
nent,  the  separation  being  made  in  a  batch  fractional-distillation  column 


operating  under  conditions  of  total  reflux. 

Extractive  distillation  may  be  used  in  the  laboratory  to  facilitate  separa¬ 
tions  of  three  main  types: 

Virtually  Ideal  Solutions  of  Close-Boiling  Components.  An  example 
of  this  type  is  the  binary  mixture  n-heptane  (b.p.  98.5  °C.)  and  methyl- 
cyclohexane  (b.p.  100.8°).  This  mixture,  which  has  a  relative  volatility 
of  1.07  at  atmospheric  pressure,  is  difficult  to  separate  by  conventional 
fractional  distillation.  When  it  is  extractively  distilled  with  70  weight  per 
cent  aniline  as  a  solvent,  the  relative  volatility  is  increased  to  1.3,  and  the 
theoretical-plate  requirement  for  a  given  separation  is  reduced  by  75%. 11 

Nonideal  Mixtures.  An  example  of  this  type  is  the  binary  mixture 
methylcyclohexane  (b.p.  100.8 °C.)  and  toluene  (b.p.  110.8°).  The  rela¬ 
tive  volatility  of  this  mixture  decreases  with  increasing  methylcyclohexane 


concentration;  it  is  only  1.07  at  90  mole  per  cent  methylcyclohexane. 
Therefore  it  is  very  difficult  to  free  methylcyclohexane  of  toluene.  The 
separation  is  greatly  enhanced  by  an  extractive  distillation  in  the  presence 
of  a  polar  solvent  such  as  aniline.11  This  is  further  illustrated  by  the  x,y 
diagram  for  this  system  in  Figure  3. 

Azeotropes.  Constant-boiling  mixtures  or  azeotropes  are  a  special 
loim  ol  nonideal  solution.  Since  they  usually  consist  of  dissimilar  molecu- 
lai  types  many  of  them  can  be  separated  readily  by  extractive  distilla¬ 
tion.  For  example,  cyclohexane-benzene,  which  at  atmospheric  pressure 
forms  an  azeotrope  containing  46.3  mole  per  cent  cyclohexane,  was  extrac¬ 
tively  distilled  with  aniline  as  a  solvent.  Virtually  pure  cyclohexane  was 
obtained  as  a  top  product  with  the  hydrocarbon  portion  of  the  bottoms 
containing  22.4  mole  per  cent  cyclohexane12  (compositions  expressed  on  a 
so  vent-free  basis).  The  composition  of  the  hydrocarbon  mixture  in  the 

composition10118^  thr°Ugh  What  would  no™ally  be  the  azeotropic 

Complex  fractions  that  boil  over  a  range  of  20  °C.  or  less  and  which  con- 
mn  compounds  of  different  molecular  types  can  be  separated.  For  ex- 

tivelv  dtbn ri]°U  °\mg  lange  fractlon  of  Petr°leum  naphtha  was  extrac- 
tively  distilled  in  continuous  units  during  World  War  II  to  separate  toluene 

SUbStanCeS‘S  °th6r  5imilar  -PPHcationsTre^ obS^ 
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2.  Theory 

In  extractive  distillation,  a  nonideal  system  is  deliberately  created  by 
the  addition  of  a  solvent.  In  the  resulting  solution,  the  partial-pressure 
relationships,  and  consequently  the  relative  volatilities  of  the  component's 
to  be  separated,  will  be  different.  These  effects  and  their  magnitudes  can 
best  be  understood  by  reference  to  the  following  equations  and  discussion: 

In  an  ideal  solution  of  two  components  A  and  S,  the  vapor  pressure  of 
each  can  be  expressed  by  Raoult’s  law: 

Pa  =  Paxa  (4) 

Ps  =  Psxs  (5) 


where  p  is  the  vapor  pressure  of  the  pure  compound,  p  the  partial  pressure, 
x  the  mole  fraction,  and  A  and  S  denote  solute  and  solvent,  respectively. 
The  total  pressure  p  above  the  solution  is  given  in  Dalton’s  law: 

p  =  Pa  +  Ps  (6) 

The  relative  volatility,  aAS,  of  a  compound  in  an  ideal  binary  solution  is 
obtained  as  follows:  From  Avagadro’s  law:' 

Va  =  Pa/P  (7) 

Vs  =  Ps/P  (8) 


where  y  \  and  y$  are  the  mole  fractions  of  A  and  fe,  respectively,  in  the  \  apoi. 
Combining  these  equations  with  (4)  and  (5)  we  obtain : 


Va  -  Paxa/p 

(9) 

Vs  =  PsXs/P 

(10) 

Dividing  (9)  by  (10)  we  obtain: 

Pa  Paxa  xa 

—  —  =  «AS 

(ID 

y  s  Psxs  Xs 

i.e.,  the  relative  volatility,  aAS,  of  a  compound  in  an  ideal  solution  is  equal 
to  the  vapor-pressure  ratio  of  the  pure  components  at  the  temperature  of 

the  boiling  mixture. 

In  a  nonideal  solution  the  partial  pressures  and  total  pressure  over  a 
solution  at  a  given  temperature  differ  from  those  predicted  by  Raoult  s 
law.  The  deviations  may  he  positive  or  negative.  Since  the  vast  major ity 
is  positive,  our  discussion  will  he  limited  to  that  case,  although  the  pi me  - 
pies  hold  equally  well  for  negative  deviations  from  Raoult  s  lau  ■  To  a 
for  deviations  from  Raoult’s  law,  a  correction  factor,  y,  has  been  introduced 
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which  is  actually  an  activity  coefficient.  A\  ith  this  factor  equations  lor 
nonideal  solutions  may  be  written  as  follows: 


Pa  =  7aPaxa 

(12) 

Ps  —  7sPsxs 

(13) 

P  =  Pa  +  Ps 

(14) 

The  coefficient  7  is  not  a  constant.  Its  numerical  value  is  a  function  of  all 
the  components  in  the  solution  and  of  their  concentrations.  Referring  to 


MOLE  FRACTION  ACETONE  IN  LIQUID  (xA) 

Fig.  1.  Activity  coefficients  for  binary 
system  acetone-water  at  1  atmosphere.14 


MOLE  FRACTION  SOLVENT  IN  LIQUID 

Fig.  2.  Effect  of  solvent  concentration 
on  activity  coefficients  and  relative  vola¬ 
tilities  of  a  binary  mixture  with  equi- 
molal  proportions  of  A  to  B. 


component  A,  in  a  binary  system,  ta  =  1  when  xA  —  1,  since  pure  liquids 
are  defined  as  ideal  solutions.  As  the  concentration  of  xA  decreases,  7  * 
increases  and  reaches  a  maximum  at  xA  =  0.  The  same  relations  hold  for 

the  other  component,  S.  These  relationships  are  illustrated  in  Figure  1  for 
acetone  and  water.14 

An  equation  for  relative  volatility  similar  to  equation  (11)  may  be  written 
for  nonideal  solutions: 


V_A  =  7aPaxa  =  <*as3a 
Vs  TsPs^s  xs 


(15) 


The  relative  volatility, 
activity  coefficients. 


"  As>  1S  e(lual  to  the  ratio  of  vapor  pressures  and 


14  Brunies  and  Bogart,  Ind.  Eng.  Chem .,  35,  255  (1943). 
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The  effect  of  a  solvent  and  its  concentration  on  the  activity  coefficients 
of  the  two  components  of  a  binary  system  in  equimolal  ratio  is  shown  in 
igure  2.  1  he  activity  coefficient  of  each  component  increases  as  the 

solvent  concentration  increases  from  0  to  100%.  The  activity  coefficient 
of  component  A  increases  much  more  rapidly  than  that  of  component  B. 
d  his  is  reflected  in  the  variation  in  the  relative  volatility  with  solvent  con¬ 
centration,  which  is  also  shown  in  Figure  2.  To  realize  a  relative  volatility 
of  2  or  higher,  at  least  50  mole  per  cent  solvent  must  be  present  in  the 
liquid. 


mole  fraction  methylcyclohexane 
IN  LIQUID 


Fig.  3.  Methylcyclohexane  -  toluene  vapor-liquid  equilibria  at 
1  atmosphere,  expressed  on  a  solvent-free  basis. 


The  effect  of  solvent  concentration  is  also  illustrated  in  Figure  3,  where 
the  x-y  diagram  for  methylcyclohexane-toluene  is  shown  on  a  solvent-free 
basis  for  two  solvent  concentrations. 1 1  For  this  system  the  effect  of  solvent 
is  most  marked  in  the  high-methylcyclohexane  region  since  the  binary 
system  (zero  solvent  concentration)  vapor-liquid  equilibrium  curve  pinches, 
approaching  the  x  =  y  line,  as  the  mole  fraction  of  methylcyclohexane  ap- 

PI  The  foregoing  discussion  illustrates  the  effect  of  solvents  on  the  relative 
volatilities  of  binary  mixtures.  High  solvent  concentrations  are  necessary 
for  a  maximum  effect  on  the  relative  volatility.  Colburn  and  Schoenborn15 
have  shown  by  a  study  of  a  number  of  nonideal  solutions  that  this  is  a  gen¬ 
eral  requirement  for  extractive  distillation. 

is  Colburn  and  Schoenborn,  Trans.  Am.  Inst.  Chem.  Engrs.,  41,  422  (1945). 
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3.  Selection  of  Solvent 


A.  GENERAL  CONSIDERATIONS 

The  suitability  of  a  solvent  for  extractive  distillation  depends  on  its  ef¬ 
fect  on  the  volatility  of  the  components  to  be  separated  and  on  certain 
other  factors  mentioned  below.  It  is  usually  advantageous  to  select  a 
solvent  which  augments  the  normal  vapor-pressure  relationships  and  which 
forms  a  highly  nonideal  system.  In  addition,  the  solvent  should  be  suf¬ 
ficiently  high  boiling  so  that  the  components  obtained  in  the  solvent  phase 
can  be  easily  recovered  by  fractional  distillation.  It  should  also  be  a  good 
solvent  and  be  soluble  itself  so  that  excessively  high  solvent: mixture  ratios 
are  not  necessary  and  solvent-phase  separation  will  not  occur  during  the  dis¬ 
tillation.  Should  phase  separation  occur,  much  of  the  relative-volatility 
enhancement  will  be  lost.  The  solvent  should  be  thermally  stable  so  that 
no  decomposition  occurs  during  extractive  distillation  or  subsequent  frac¬ 
tional  distillation  for  removal  of  dissolved  components  from  the  solvent. 
For  ease  of  handling,  the  solvent  should  be  nontoxic.  It  should  not  react 
with  the  components  of  the  mixture;  formation  of  stable  chemical  com¬ 
pounds  or  of  azeotropes  with  the  solvent  during  extractive  distillation  is 
undesirable  and  may  prevent  the  desired  separation.  If  the  solvent  boils 
more  than  50  °C.  above  the  mixture,  the  danger  of  azeotrope  formation  is 
negligible  (see  Sect,  III).  A  broad  range  of  application  is  desirable  but 
not  essential  in  a  solvent  for  laboratory  use. 

Since  laboratory  separations  frequently  form  the  basis  of  new  industrial 
separations,  a  few  additional  considerations  in  choosing  a  solvent  are  pre- 
sented.  The  solvent  should  be  inexpensive  and  readily  available.  While  a 
high-boding  sdvent  is  necessary  for  proper  operation  of  the  extractive  dis¬ 
tillation,  it  should  not  be  so  high  boiling  as  to  require  excessively  high  tem¬ 
perature  levels  to  regenerate  the  solvent.  Corrosiveness  becomes  a  very 
important  factor  in  industrial  applications  when  carbon  steel  is  the  pre- 
erred  mater, al  of  construction.  From  a  laboratory  standpoint,  corrosive¬ 
ness  ,s  not  so  important  a  factor  as  in  industry,  since  most  laboratory 
columns  are  of  glass,  and  metal  parts  are  usually  stainless  steel.  * 


B. 


VAPOR  LIQUID  EQUILIBRIA  AND  EQUILIBRIUM  STILLS 


The  selection  of  a  solvent  for  use  in  extractive  distillation  is  best  made  on 
lent  Tl  vapor- liquid  equilibria  data  obtained  in  the  presence  of  a  I 

selected.  eqt^  brium  st7fs  1'’"^  T*  *  planned  "’ith  solvent 
that  equilibrium  betwl  v  pLseTd “V* 
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(liquid  and  vapor)  for  analysis.  In  this  way  equilibrium  vapor  and  liquid 
compositions  are  established. 

W  hen  ternary  systems  are  investigated,  particularly  those  in  which  one 
component  has  a  marked  influence  upon  the  relative  volatility  of  the  other 
two  components  of  the  mixture,  it  is  essential  that  a  standardized  procedure 
be  used.  A  preliminary  evaluation  of  possible  solvents  is  made  by  inves¬ 
tigating  a  mixture  containing  the  two  components  to  be  separated  at  a  1 : 1 
ratio  (mole,  weight,  or  volume)  and  a  constant  proportion  of  solvent  (usu¬ 
ally  one  to  three  times  the  binary  mixture  on  a  mole  basis).  One  or  more 
determinations  may  be  made  on  a  given  solvent  in  initial  scanning.  An 
example  is  given  below.  In  making  a  solvent  survey,  difficult  analytical 
problems  are  frequently  encountered  because  of  the  presence  of  the  solvent. 
In  such  cases  short-cut  evaluation  methods  such  as  those  described  below 
may  be  used  (see  page  333).  Any  solvent  selected  b}^  these  methods  should 
be  checked  in  an  equilibrium  still. 

The  Othmer  circulating  still16  shown  in  Figure  4  is  satisfactory  for  most 
solvents.  The  vapors  formed  in  the  still,  A,  rise  through  the  central  vapor 
tube,  B,  and  are  condensed  in  the  external  condenser,  C,  which  may  be  of 
the  bulb  type  shown,  or  of  a  spiral  or  Liebig  type.  A  displacement  distillate 
receiver,  D,  continuously  returns  the  distillate  to  the  still.  Siphoning  is 
prevented  by  vent  E.  At  equilibrium,  distillation  is  discontinued  and  a 
liquid  sample  of  the  vapor  and  of  the  residue,  or  still  bottoms,  is  withdrawn 
for  analysis  through  stopcocks  F  and  G,  respectively.  For  accurate  data 
from  this  or  any  other  equilibrium  still,  refluxing  in  the  vapor  phase  of  the 
still  must  be  eliminated  by  external-heater  windings  or  hot-gas  jackets  not 
shown  in  the  figure.  In  the  still  shown  in  Figure  4,  the  liquid  is  heated  by 
an  internal  immersion  resistance  wire,  H.  The  same  result  can  be  ob¬ 
tained  by  a  wire  wound  around  the  outside  of  the  lower  part  of  the  still  or 
by  the  use  of  a  ring  heater  under  A.  In  the  latter  case,  the  boiling  tube  ./ 
would  be  removed,  leaving  only  a  simple  stopcock.  Certain  solvents,  such 
as  aniline  in  hydrocarbon  systems,  separate  as  a  second  liquid  phase  on 
cooling.  Such  separation  can  sometimes  be  prevented  by  heating  the  dis¬ 
tillate  receiver  of  the  Othmer  still. 

Another  type  of  circulating  equilibrium  still  has  been  described  which 
was  developed  for  use  with  mixtures  having  critical  solution  temperature 
below  the  boiling  temperature.  The  novel  features  of  this  equilibrium 
still  shown  in  Figure  5,  are  the  internal  distillate  receiver,  B,  bathed  in  the 
ascending  vapors  and  a  Cottrell  pump,  A,  for  the  boiling  tube  permitting 
simultaneous  boiling-point  and  vapor-liquid  equilibrium  determinations. 
It  was  found  that  equilibrium  was  attained  in  less  than  3  hours  when  a 

18  Othmer,  Ind.  Eng.  Chem.,  20,  743  (1928). 

it  Fenske,  Carlson,  and  Quiggle,  Ind.  Eng.  Chem.,  39,  1322  (1J  )• 
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solvent  boiling  approximately  80  °C.  above  the  binary  mixture  was  used 
and  12%  of  the  charge  was  held  up  as  distillate. 

Both  these  stills  have  a  tendency  to  give  difficulty  when  the  distillate 
returned  to  the  still  boils  appreciably,  i.e.,  50  °C.,  below  the  mixture  in  the 
still.  In  such  cases  the  returning  distillate  tends  to  flash  into  the  vapor, 
thus  upsetting  true  equilibrium.  This  is  sometimes  encountered  in  testing 
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tig.  5.  Penn-State  equilibrium  still.11 
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complete  data  on  the  solvent  selected  may  be  desired.  In  this  case,  the 
ratio  of  the  two  components  in  the  mixture  under  study  is  varied,  and  the 
vapor-liquid  equilibrium  is  determined  with  the  same  mole  per  cent  of 
solvent.  This  procedure  may  then  be  repeated  at  one  or  more  solvent- 
mixture  ratios.  The  data  can  be  expressed  in  terms  of  modified  relative 
volatilities,  «s>  or  as  X~V  data  on  a  solvent-free  basis. 

As  an  example  of  the  evaluation  of  extractive-distillation  solvents,  we  ' 
may  cite  the  effect  of  a  series  of  solvents  upon  the  separation  of  the  binary 
mixture  methylcyclohexane-toluene  by  extractive  distillation  as  determined 
in  the  internal-receiver  equilibrium  still  described  above.  In  each  case  the 
still  was  charged  with  the  same  total  number  of  moles  of  solution  contain¬ 
ing  75  mole  per  cent  solvent  and  25  mole  per  cent  hydrocarbon.  The  latter 
consisted  of  methylcyclohexane  and  toluene  in  a  1 :1  mole  ratio.  Distillate 
and  residue  were  freed  of  solvent  by  washing  with  acid,  alkali,  or  water  as 
required,  and  the  resulting  binary  hydrocarbon  mixtures  were  analyzed  by 
refractive  index  using  the  data  of  Quiggle  and  Fenske.19  From  the  analyses 
of  the  hydrocarbon  portion  of  distillate  and  residue,  relative  volatilities 
were  calculated  and  expressed  as  as  (see  equation  3).  In  order  to  avoid 
misleading  conclusions,  two  additional  determinations  were  made  with 
each  solvent,  keeping  the  total  number  of  moles  charged  to  the  still  and  the 
hydrocarbon -.solvent  mole  ratio  the  same,  but  changing  the  hydrocarbon  so 
that  it  contained  25  mole  per  cent,  and  75  mole  per  cent  of  methylcyclo¬ 
hexane,  respectively. 

Of  the  solvents  investigated,17  aniline  gave  the  highest  values  of  as. 
For  an  extended  study  with  this  solvent  an  analytical  procedure  was  de¬ 
veloped  permitting  the  determination  of  the  composition  of  the  ternary 
system.20  A  series  of  five  samples  was  made  up.  All  contained  the  same 
total  number  of  moles  with  aniline  and  hydrocarbon  in  a  1:1  mole  ratio. 
The  hydrocarbon  portion  of  the  samples  contained  0,  25,  50,  75,  and  100 
mole  per  cent  methylcyclohexane.  Each  sample  was  charged  to  the 
equilibrium  still  and  distilled  for  at  least  3  hours  to  establish  equilibrium. 
4t  the  end  of  that  time  heating  was  stopped  and,  after  distillation  ceased, 
the  still  was  completely  drained  of  distillate  and  residue  for  analysis. 
Typical  data  for  one  run,  with  all  analyses  expressed  in  weight  per  cent, 

are  listed  below. 


Component 

Charge 

26. 1 

Distillate 

60.0 

31.0 

9.0 

Residue 

21.4 

24.4 

*>4  a 

49.5 

Cjuiggle  and  Fenske,  J.  Am.  Chem.  Soc.,  S9,  1829  ( j0S7 ). 

»  Carlson,  Schubert,  and  Fenske,  Ini.  Eng.  Chem.,  Anal.  Ed.,  18,  109(1940). 
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From  the  results  for  the  hydrocarbon  portion  as  can  be  calculated  by 
equation  (3) : 

as  =  (60.0/31 .0)  /  (21 .4/24.2)  =  2.19 

The  data  obtained  for  the  five  samples  served  to  establish  the  relative  vola¬ 
tility-composition  curve.  The  x-y  diagram  shown  in  Figure  3  was  calcu¬ 
lated  by  means  of  equation  (3)  arranged  for  a  binary  system  to  the  form: 


as* 

1  +  («s  “  l)s 


(16) 


where  y  and  x  are  the  mole  fractions  of  the  more  volatile  component  in  vapor 
and  liquid,  and  as  is  the  relative  volatility  of  the  more  volatile  hydrocarbon 
with  respect  to  the  other  hydrocarbon  in  the  presence  of  the  solvent,  ani¬ 
line.  Calculation  of  the  equilibrium  vapor  compositions  for  various  liquid 
compositions  defines  the  x-y  curve.  (Obviously  the  experimental  points 
expressed  on  a  binary  basis  as  mole,  fractions  will  also  define  the  curve.) 

For  x  =  0.20  and  using  <xs  =  2.19,  as  read  from  the  relative  volatility- 
composition  curve  just  established: 


(2.19)  (0,20) 

r+a.i9)(o.2o)  ~ 


TABLE  II 

«-Heptane -Methylcyclohexane  Relative  Volatility  in  Presence  of  Various 
. _  Solvents 


Solvent 


Mole 
per  cent 
in  liquid 
phase 


T,  °C. 
(av.) 


Av.  rel. 
volatility, 

“8 


Improve¬ 

ment 

factor, 

as/a 


“  FeX!' M  ^  C*“"  38’  66  «»46). 

nul.  bug.  Chem.,  39,  1322  (1947). 


Ref. 

No. 


Aniline .  . 

92 

139 

1.52 

1 

.42 

21 

78 

121 

1.40 

1 

.31 

21 

70 

110 

1.27 

1 

.19 

22 

Furfural . 

58 

79 

113 

1.26 

1 

.18 

21 

Phenol . . . 

Qi 

1 . 35 

1 

.26 

21 

Nitrobenzene 

o  J 

82 

1.31 

1 

.24 

21 

Dichlorodiethyl  ether . 

81 

1.31 

1 

.24 

21 

Aminocyclohexane 

76 

1.28 

1 

.20 

21 

Pyridine . . 

70 

1 . 16 

1 

.08 

21 

Ethanol . 

70 

1.4 

1 

31 

22 

n-Butanol . 

70 

1.3 

1. 

21 

22 

ferf-ButanoI . 

70 

1.3 

1. 

21 

22 

Acetic  acid. 

70 

1.25 

1. 

17 

22 

None. . . 

— 

1.27 

1.07 

1. 

1 

19 

00 

22 

22 
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TABLE  III 


Methylcyclohexane  Toluene  Relative  Volatility  in  Presence  of  Various 

Solvents 


Solvent 

Mole 
per  cent 
in 

charge 

T,  °C. 
(av.) 

Av.  rel. 
volatility, 

“S 

Improve¬ 

ment 

factor 

<*a/a 

Ref. 

No. 

Acetic  acid . 

67.9 

95 

2.2 

1.6 

23 

70a 

— 

2.1 

1.6 

22 

Methanol . 

67.3 

61 

1.72 

1.3 

23 

Ethanol . 

. .  66.9 

70 

1.76 

1.3 

23 

Ethanol . 

70“ 

— 

1.9 

1.4 

22 

n-Propanol . 

67.5 

87 

1.8 

1.3 

23 

Isopropanol . 

62.5 

73 

1.75 

1.3 

23 

n-Butanol . 

70“ 

— 

1.55 

1.1 

22 

ferLButanol . 

70“ 

— 

1.6 

1.2 

22 

Acetone . 

36.1 

70 

2.1 

1.6 

23 

49.4 

66 

2.4 

1.8 

23 

58.3 

62 

3.15 

2.3 

23 

61.0 

62 

2.9 

2.1 

23 

65 . 6 

61 

2.6 

1.9 

23 

68.1 

59 

3.3 

2.4 

23 

Methyl  ethyl  ketone . 

66.2 

80 

2.3 

1.7 

23 

Piperidine . 

65.8 

97 

1.7 

1.3 

23 

Pvridine . 

33 

102 

1.9 

1.4 

23 

49 

101 

2.2 

1.6 

23 

57.5 

101 

2.3 

1.7 

23 

70“ 

— 

2.4 

1.8 

22 

66.7 

100 

2.5 

1.9 

23 

Aniline . 

32.9 

115 

2.05 

1.5 

23 

50.0 

115 

2.4 

1.8 

23 

59.8 

120 

2.6 

1.9 

23 

00.2 

125 

2.7 

2.0 

23 

65.8 

121 

2.6 

1.9 

23 

43.2“ 

113.6 

1.96 

1.45 

22 

54.4“ 

117.5 

2.19 

1.62 

22 

66.7“ 

123.0 

2.37 

1.76 

22 

77.7“ 

132.5 

2.54 

1.88 

22 

83.4“ 

139.8 

2.59 

1.92 

22 

Nitromethane . 

32.4 

88 

2.3 

1.71 

* 

23 

58.8 

87 

4.24 

3.14 

Z6 

Acetonitrile . 

Phenol . 

68.3 

34.7 

52. 1 

73 

110 

113 

4 

2.0 

2.3 

3 

1.5 

1.7 

23 

23 

23 

59 . 8 

118 

2.2 

1.6 

23 

65.8 

119 

2.7 

2.0 

23 

Triethyl  borate . 

05.5 

112 

1.24 

0.9 

Tab 

23 

ile  continued 

»  Updike,  Langdon,  and  Keyes,  Trans.  Am.  Inst.  Cham.  Engrs.,  41,  717  (1945) 
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TABLE  III  ( Concluded ) 


Solvent 

Mole 
per  cent 
in 

charge 

T,  °C. 
(av.) 

Av.  rel. 
volatility, 

“8 

Improve¬ 

ment 

factor, 

as/a 

Ref. 

No. 

Diethylene  glycol 

mono- 

ethyl  ether .... 
Diethylene  glycol 

mono- 

70“ 

2.0 

1.5 

22 

butyl  ether .... 

70“ 

— 

1.3 

1.0 

22 

Ethyl  acetate .... 
Ethylene  glycol 

mono- 

70“ 

— 

1.8 

1.3 

22 

methyl  ether .  . 
Ethylene  glycol 

mono- 

70® 

— 

2.2 

1.6 

22 

ethyl  ether .... 
Ethylene  glycol 

mono- 

70“ 

— 

1.9 

1.4 

22 

butyl  ether . 

70“ 

— 

1.4 

1.1 

22 

None . 

1. 1-1.6 
av.  1.35 

1 

22 

°  Mole  per  cent  aniline  in  liquid  phase. 


TABLE  IV 


Cyclohexane-Benzene  Relative  Volatility  in  Presence  of  Various  Solvents24 


Solvent 

Acetic  acid . 

Methanol . 

Ethanol . 

n-Propanol . 

Isopropanol . 

Dioxane . 

Chlorex  (dichlorodiethyl  ether) 

Methyl  Cellosolve . 

Cellosolve . 

Carbitol . 

Acetone . 

Methyl  ethyl  ketone . 

Diacetone . 

Pyridine . 

Aniline . 

Nitromethane . 

Nitrobenzene . 

Acetonitrile . 

Furfural . 

Phenol .... 


Mole 
per  cent 
in 

charge 

T,  °C. 

Relative 

volatility, 

“8 

Improve¬ 

ment 

factor, 

a8/a 

69.0 

84 

1.75 

1.78 

67.3 

53 

1.58 

1.61 

67.3 

65 

1.36 

1.38 

70.5 

79 

1.26 

1.28 

67.9 

70 

1.22 

1.24 

67.4 

86 

1.75 

1.78 

67.5 

105 

2.31 

2.36 

66.7 

85 

1.84 

1.88 

67.5  r 

95 

1.58 

1.61 

66.8 

87 

1.99 

2.03 

66.3 

55 

2.03 

2.07 

65. 1 

72 

1.78 

1.81 

67.3 

89 

1.82 

1  85 

66.9 

66.8 

67.8 

68.2 

67.3 

67.1 

66.8 

93 

93 

74 

102 

65 

79 

92 

1.83 

2.11 

3.00 

2.25 

2.85 

3.10 

2.01 

1.86 

2.16 

3.06 

2.30 

2.92 

3.16 

2.05 

24 


Updike,  Langdon,  and  Keyes,  Trans  4  m  Tn*t  m. 

n‘  *nst-  Chem.  Engrs.,  41,  717  (1945). 
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TABLE  V 


Nontoluene -Toluene"  Volatility  Ratios  in  Presence  of  Various  Solvents 


Solvent 

Antimony  trichloride . 

Sulfolane . 

Dimethylsulfolane . 

Dimethylsulfolane-cumene  (85- 

15,  wt.  %) . 

Furfural . 

Acetonyl  acetone . 

Nitrobenzene . 

Nitrotoluene . 

Phenol . 

Phenol . 

Aniline . 

Chlorex  (dichlorodiethyl  ether) . 

Phenyl  Cellosolve . 

Phenol-cresol  (60-40) . 

(40-60) . 

Acetophenone . 

l-Methoxy-2-hydroxy-3-phenoxy- 

propane . 

Ethyl  Carbitol . 

m-  or  p-Cresol . 

1  -Ethoxy-2, 3-dihydroxypropane . 

l-Isopropoxy-2,3-dihydroxypropane . 

Diacetone  alcohol . 

l-Methoxy-2, 3-dihydroxypropane 

(2  phases) . 

No  solvent . 


B.p., 

°C. 

wt. 

per  cent 
solvent^ 

Volatility 

ratio, 

a8 

Improve¬ 

ment 

factor, 

aB/a 

Ref. 

No. 

277 

50 

3.20 

2.4 

25 

287 

75 

5.60 

4.2 

25 

281 

75 

3.23 

2.4 

25 

281 

50 

2.76 

2.1 

25 

202 

50 

2.41 

1.8 

25 

163 

50 

2.30 

1.7 

26 

188 

50 

2.20 

1.7 

26 

211 

50 

2.16 

1.6 

26 

222 

50 

2.16 

1.6 

26 

182 

75 

2.78 

2.1 

25 

182 

50 

2.10 

1.6 

26 

183 

75 

2.75 

2.1 

25 

183 

50 

2.08 

1.6 

26 

178 

50 

2.09 

1.6 

26 

240 

50 

2.01 

1.5 

26 

192 

50 

1.98 

1.5 

26 

195 

50 

1.95 

1.5 

26 

202 

50 

1.95 

1.5 

26 

278 

50 

1.92 

1.5 

26 

202 

50 

1.85 

1.4 

26 

202 

50 

1.85 

1.4 

26 

222 

50 

1.80 

1.4 

26 

226 

50 

1.70 

1.3 

26 

190 

50 

1.64 

1.2 

26 

220 

50 

1.46 

1.1 

26 

___ 

— 

1.32 

1.0 

25 

a  Nontoluene  fraction  was  a  dearomatized  straight-run  petroleum  fraction  boiling 

was  a  50-50  mixture  of  aromatic  and  nonaromatic  hydrocarbons. 


Since  the  analyses  were  obtained  on  a  ternary  basis,  the  solvent  concentra¬ 
tion  in  the  liquid  phase  at  equilibrium  is  known  as  well  as  the  solvent  con¬ 
centration  in  the  vapor  phase.  This  is  important  for  design  puipoas  an 
for  the  operation  of  a  laboratory  column  employing  extractive  distillation. 
Sets  of  five  samples  each  were  made  up  at  solvent  concentrations  of  40,  , 

631  (1945). 
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70,  and  75  mole  per  cent  aniline  in  each  charge.  The  experimental  pro¬ 
cedure  was  then  repeated. 

Relatively  few  data  are  yet  available  on  the  vapor-liquid  equilibria  of 
binary  mixtures  in  the  presence  of  a  solvent:  very  few  were  published  prior 
to  June,  1945.  Pertinent  data  are  summarized  in  Tables  II-VI  (pp.  329  ff.). 
When  the  data  are  known,  both  the  liquid  and  the  vapor  compositions  on  a 
solvent-free  basis  are  given,  as  well  as  modified  relative  volatilities,  as>  and 
enrichment  ratio,  i.e.,  the  ratio  of  as:a  which  indicates  the  effectiveness  of 
the  solvent.  It  should  be  remembered  that  as  depends  on  the  solvent  con¬ 
centration  as  discussed  in  detail  on  page  324. 

TABLE  VI 


Relative  Volatilities  of  Binary  Mixtures  in  Presence  of  Various  Solvents22 


Solvent 

Mole 
per  cent 
in 

liquid 

Relative 

volatility, 

"8 

n-Octane-Toluene  Mixtures 

Aniline. . 

1.6-1. 7 

Pyridine , 

1 . 4-1 . 6 

None .  .  . 

0 . 55-0 . 83 

Methylcyclohexane-n-Octane  Mixtures 

Aniline. . 

1.4-1. 5 

• 

None.  .  . 

1.6-1. 8 

C.  ESTIMATION  OF  EFFECTIVENESS  OF  SOLVENT 

If  the  necessary  data  on  the  respective  vapor-liquid  equilibria  are  not 
mown  and  lack  of  time  or  experimental  equipment  do  not  permit  an  inves¬ 
tigation  of  these  equilibria,  an  estimate  of  the  potential  applicability  of  a 

l  rfitr;; e- Several  methods  for  such  an  es°mate « 

Bofing-Foint  Deviation.  The  basis  for  separation  by  extractive  dis- 
i  lation  ,s  the  deviation  from  ideality  of  the  components  to  be  separated 

efficacv  of  the  solvent  U-  *  .  111  k  'e  a  rough  index  of  the  separating 

voiumes  of  one'component  and*  Z IZm  °mted  andT  bT‘ 
point  of  the  mixture  is  determined.  This  is  repeated  wbh  th  lImg 

ponent.  The  difference  in  the  observed  bo.hng  poi^  is  noted  The' 


334 


CARL  S.  CARLSON 


theoretical  boiling  point  of  each  mixture  is  calculated  from  its  composition 
(mole  basis)  and  the  boiling  points  of  the  pure  compounds,  assuming  a 
linear  variation  of  boiling  point  with  composition.  The  difference  between 
the  calculated  boiling  points  is  compared  with  the  experimentally  deter¬ 
mined  difference.  If  the  latter  is  appreciably  greater  than  the  calculated 
value,  the  solvent  should  give  improved  separation  when  used  in  extractive 
distillation.  4  he  exact  magnitude  of  the  improvement,  however,  requires 
experimental  verification  in  an  equilibrium  still. 

Another  method  using  boiling-point  determinations  has  been  applied 
to  the  separation  of  diolefin,  olefin,  and  paraffin  hydrocarbons  with  similar 
boiling  points  and  in  particular  to  solutions  of  butadiene,  butylenes,  and 
butanes.27  The  test  consists  of  determining  the  boiling  points  of  mixtures 
of  10  g.  of  proposed  solvent,  such  as  1,4-dioxane  or  ethylene  dichloride, 
with  1  g.  of  n-butane  (b.p.  —  5.5°C.)  and  of  10  g.  of  proposed  solvent  with  1 
g.  of  butadiene-1,3  (b.p.  —4.5°).  If  the  boiling  point  of  the  latter  mixture 
is  10°  higher  than  that  of  the  former  mixture,  the  solvent  is  considered  suf¬ 
ficiently  selective  to  be  used.  A  difference  of  20°  or  more  is  preferred. 

Critical  Solution  Temperature.  Many  solvents  useful  in  extractive 
distillation  are  not  completely  miscible  at  room  temperature  with  one  or 
both  of  the  components  to  be  separated.  The  maximum  temperature 
at  which  any  mixture  of  component  and  solvent,  for  example,  a  hydrocar¬ 
bon  in  nitrobenzene,  can  exist  as  two  liquid  phases  is  defined  as  the  critical 
solution  temperature  (C.S.T.)  of  the  mixture.  These  values  have  been  re¬ 
ported  for  many  binary  mixtures.  It  appears  that  the  greater  the  differ¬ 
ence  in  C.S.T.  of  the  components  to  be  separated  in  the  solvent,  the  better 
the  solvent  is  suited  as  a  separating  aid  in  extractive  distillation.  For  ex¬ 
ample,  n-heptane  and  methylcyclohexane,  with  critical  solution  tempera¬ 
tures  in  aniline  of  70  and  41  °C.,  respectively,28  have  been  separated  by  ex¬ 
tractive  distillation  using  aniline  as  a  solvent.  With  a  2:1  aniline  to  hy¬ 
drocarbon  weight  ratio,  the  separation  was  more  than  threefold  that  at¬ 
tainable  by  fractional  distillation  in  the  same  column.29 

Critical  solution  temperatures  of  seven  selected  nonaromatic  hydiocar- 
bons  and  three  nonaromatic  oil  fractions  in  a  number  of  solvents  have  been 
compiled  by  Francis.28  A  similar  study  of  38  cyclic  hydrocarbons  in  a 
number  of  solvents  has  been  reported  by  the  same  investigatoi . 

In  general,  aromatic  hydrocarbons  have  been  found  to  be  much  more 
soluble  than  nonaromatic,  as  indicated  by  lower  critical  solution  tempera¬ 
ture.  The  latter  are  frequently  completely  immiscible  with  a  solvent  in 


27  Young  and  Perkins,  U.  S.  Pat.  1,948,777  (1934). 

2»  Francis,  Ind.  Eng.  Chem.,  36,  704  (1944).  nQA,, 

29  Dicks  and  Carlson,  Trans.  Am.  Inst.  Chem.  Engrs.,  41,  789  (1945). 

30  Francis,  Ind.  Eng.  Chem.,  36,  1090  (1944). 
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which  aromatic  hydrocarbons  have  fairly  low  critical  solution  temperatures 
and  aromatics  are  often  completely  soluble  in  solvents  in  which  the  non- 
aromatic  hydrocarbons  have  low  critical  solution  temperature.  In  either 
case  such  a  solvent  should  facilitate  separation  by  extractive  distillation. 
An  example  of  the  latter  type  is  the  use  of  aniline  to  facilitate  the  separation 
of  methylcyclohexane  (C.S.T.  41  °C.)  from  toluene  (miscible  down  to  the 
freezing  point  of  aniline).  By  extractive  distillation  using  40  weight  per 
cent  of  aniline,  toluene-free  methylcyclohexane  can 
be  obtained  as  distillate  with  only  1.6  mole  per  cent 
of  methylcyclohexane  in  the  still.  In  the  same 
column  under  fractional-distillation  operation  at  total 
reflux  with  5.5  mole  per  cent  methylcyclohexane  in 
the  still,  the  overhead  product  contained  only  82 
mole  per  cent  methylcyclohexane.29 

Another  form  of  C.S.T.  frequently  reported  is  the 
aniline  point  (A.  Pt.).  The  aniline  point  is  the 
highest  temperature  at  which  a  1 : 1  volume  mixture 
of  aniline  and  a  given  hydrocarbon  exists  as  two 
liquid  phases.  The  aniline  point  is  widely  used  in 
the  petroleum  industry  where  a  standard  apparatus 
and  test  procedure  have  been  proposed.31  A  modi¬ 
fication  of  this  A.S.T.M.  test  apparatus  is  shown  in 
Figure  6.  It  consists  of  a  jacketed  test  tube  con¬ 
taining  a  looped  wire  for  agitation  and  a  thermometer. 

Equal  volumes  of  component  and  solvent,  usually  10 
ml.,  aie  intioduced  and  heated  slowly  with  agitation 
until  completely  miscible,  when  the  temperature  of 
the  solution  is  noted.  The  solution  is  then  cooled 
slowly  with  agitation  until  cloudiness  indicates  phase 
separation .  The  temperature  at  which  the  cloud  first 
forms  is  noted.  This  is  repeated  several  times  and 

the  average  temperature  is  taken  as  the  aniline 
point. 

The  sa™  apparatus  can  be  used  to  determine  critical  solution  tempera 
u  es,  the  only  variation  being  that  the  ratio  of  solvent  to  component  i 
varied  and  a  number  of  determinations  is  made  so  that  ,  JL?  ^ 
ture-liquid  composition  curve  can  be  clotted  ti  C  '  •  °n  ^emPera 

zxv.f:,s  ss-  ::z::r  -  . . *  srs 

A.o.l.M.  standards  on  Petroleum  ,  T  .  . 

American  Society  for  Testing  Materials,  Philadelphk,  1945  ^  061  '•44T.  P4'-«. 


Fig. 


6.  Aniline-point 
apparatus. 


is 
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TABLE  VII 


Ternary  Systems  with  Water  as  One  Component33 


Components 


Temp., 

°C. 


Acetic  acid- 

Benzene .  25 

Benzene .  25,  35 

Benzene .  20,  25 

Chloroform .  18 

Chloroform .  20,  25 

Epichlorohydrin .  10 

Toluene .  25 

Acetone- 

Bromobenzene .  0 

Chloroform .  25 

Chloroform .  0 

Furfural .  25 

Phenol .  56.5 

Potassium  hydroxide .  0 

Sodium  hydroxide .  0 

Aniline- 

Formic  acid .  0.20 

Propionic  acid .  0.20 

Benzene- 

Acetic  acid .  25 

Acetic  acid .  25,  35 

Acetic  acid .  20,  25 

Ethanol .  25 

Ethanol .  25,  50 

Ethanol .  20 

Ethanol .  20,  25 

Ethanol .  25 

Ethanol .  25 

Pyridine . .  •  25 


Isobutanol- 


Hydrobromic  acid . 

25 

Hydrochloric  acid . 

25 

Hydriodic  acid . 

25 

n-Butanol-methanol . 

.  .  0,  15,  30 

teH-Butanol-ethyl  acetate .  .  . 

0,  20 

CS2-acetic  anhydride . 

0,  18 

Carbon  tetrachloride- 

Ethanol . 

0 

Methanol . 

0 

n-Propanol . 

0 

Chloroformy 
Acetic  acid 
Acetic  acid 
Acetone . . . 
Acetone . . . 
Ethanol  .  . 
Methanol . 


20,  25 
18 
25 
0 
0 
0 


Ethanol- 

Isoamyl  alcohol . 
Isoamyl  bromide 


15.5,  28 
0 


Components 

Isoamyl  ether . 

Benzaldehyde . 

Benzene . 

Benzene . 

Benzene . 

Benzene . 

Benzene . 

Benzyl  acetate . 

Benzyl  alcohol . 

Benzyl  ethyl  ether . . . 

Bromobenzene . 

Bromotoluene . 

Isobutanol . 

Isobutyl  bromide. . .  . 
Carbon  tetrachloride 

Chloroform . 

Cyclohexane . 

Cyclohexane . 

Cyclohexane . 

Cyclohexene . . 

Ethyl  acetate . 

Ethyl  acetate . 

Ethyl  butyrate . 

Ethyl  ether . 

Ethyl  ether . 

Ethyl  ether . 

Ethyl  ether . 

Ethyl  propionate 

Ethyl  chloride . 

Ethylidene  chloride. 

Hexane . 

Hexane . 

Mesitylene . 

Methylaniline . 

Nitrobenzene . 

p-Nitrotoluene . 

Phenetole . 

Pinene . . . 

Propyl  bromide.  .  .  . 

Toluene . 

Toluene . 

Toluene . 

m- Xylene . 

o-Xylene . 

p-Xylene . 

Ethyl  acetate- 

<er<-Butanol . 

Ethanol . 

Furfural .  .  . 

Methanol . 

Isopropanol . 

n-Propanol . 

Ethyl  ether- 

Ethanol . 

Ethanol . 

Ethanol . 


Temp., 

°C. 

0 

0 

25 

25,50 

20 

25 

25 

0 

0 

0 

0 

0 

0 

0 

0 

0 

25 

20,  25 
25 
25 

0,  20 
0 
0 
25 

0,  25 
25 

0,  25 
0 
0 
0 
0 
25 
0 
0 
0 
0 
0 
0 
0 
20 

20,  25 
25 

0,  50 
0 
0 


0,  20 
0,  20 
25 

0,  20 
0,  20 
0,  20 

25 

0,  25 
25 

Table  continued 
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TABLE  VII  ( Concluded ) 


Temp., 

Components  °C.  Components 


Ethanol .  0,25  Nitrobenzene- 

Triethylamine .  0,  12.  4,  Ethanol. . . . 

30 . 5  Sulfuric  acid 


Temp., 

°C. 


0 

22 


Furfural- 

Acetone  .  25 

Isoamyl  acetate . .  25 

Ethyl  acetate .  25 

Hydrobromic  acid- 

Isoamyl  alcohol .  25 

Isobutanol .  25 

Hydrochloric  acid- 

Isoamyl  alcohol .  25 

Isobutanol .  25 

Cyclohexanone .  25 

Phenol .  12 

Hydriodic  acid- 

Isoamyl  alcohol .  25 

Isobutanol .  25 

Methanol- 

Isoamyl  alcohol .  28 

Bromobenzene .  0 

n-Butanol .  0,15,30 

Carbon  tetrachloride .  0 

Chloroform .  0 

Cyclohexane .  25 

Cyclohexene .  25 

Ethyl  acetate .  0,  20 

Ethyl  bromide .  0 

Toluene .  25 


Phenol- 

Acetone  .  56.5 

Hydrochloric  acid .  12 

Sodium  hydroxide . 

Potassium  hydroxide . 

Triethylamine . •.  —2,  7,  10, 

5 1 ,  /  5 

Isopropanol- 

Cyclohexane .  15,35 

Ethyl  acetate .  0,  20 

Toluene .  25 

n-Propanol- 

Isoamyl  alcohol .  25 

Bromotoluene .  0 

Carbon  tetrachloride .  0 

Ethyl  acetate .  0,  20 

Propionic  acid- 

Aniline .  0,30 

o-Toluidine .  0,20 

Toluene- 

Acetic  acid .  25 

Ethanol .  20 

Ethanol . v  20,  25 

Ethanol .  25 

Methanol .  25 

Isopropanol .  25 


TABLE  VIII 

Nonaqueotts  Ternary  Systems33 

_ Component  Temperature, 

Acetone— glycol 


Benzene . 

Bromobenzene . 

Chlorobenzene . 

Nitrobenzene . 

Toluene . 

Xylene . 

Aniline  —  a-heptane  —  methy  Icy  elohexane 
Ethanol— benzene— glycerol . 


27 

25 

23 

22 

27 

25 

25 

25 


line  pomts  are  sometimes  incorrectly  reported  in  the  literature  as  critical 
so  ution  temperatures.  In  no  case  can  the  aniline  point  exceed  the 
solution  temperature.  Discrepancies  in  literatu  e  vllLTstem  rom‘ 
sources,  which  are  listed  in  order  of  decreases  p^CiJX:  U) 
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Impurities  in  sample  or  solvent.  (2)  Too  rapid  heating  and  cooling  during 
the  determination.  ( 3 )  Error  in  calibration  of  thermometer.  (4)  Heat 
pickup  from  unshielded  lights  near  apparatus.  Hygroscopic  solvents  such 
as  aniline  must  be  carefully  dried  just  before  use,  and  a  nonaqueous  heating 
and  cooling  medium  must  be  provided.  An  extensive  survey  of  aniline 
points  and  critical  solution  temperatures  of  hydrocarbons  in  aniline  has  been 
made  by  Ball.32 

Liquid-Extraction  Data.  Prior  to  the  development  of  extractive  dis¬ 
tillation,  separation  of  narrow  boiling-range  fractions  according  to  chemi¬ 
cal  type  was  effected  chiefly  by  liquid-liquid  extraction.  Phase-equilib¬ 
rium  studies  of  a  number  of  systems  with  partial  miscibility  have  been 
reported  in  the  literature.  Solvents  suitable  for  liquid-liquid  extractions 
can  frequently  be  used  in  extractive  distillation  provided  that  they  meet  the 
other  qualifications  mentioned  above,  in  particular  that  of  having  rela¬ 
tively  high  boiling  points.  As  an  aid  in  selecting  a  solvent  based  on  such 
information,  a  summary  of  ternary  extraction  systems  prepared  by  J.  C. 
Smith33  is  reproduced  in  Tables  VII-VIII  (pp.  336-337).  Note  that  the 
ternary  system  aniline-n-heptane-methylcyclohexane  is  listed  which  can 
be  separated  by  liquid-liquid  extraction  with  aniline.34  This  system  has 
also  been  separated  by  extractive  distillation29  using  aniline  as  a  solvent. 

Chemical  Nature  of  Solvent.  It  was  mentioned  above  that  solvents 
which  form  highly  nonideal  solutions  are  usually  advantageous.  Inas¬ 
much  as  deviation  from  ideality  is  caused  by  interaction  between  solute 
and  solvent,  the  solvent  should  be  selected  with  reference  to  the  nature  of 
the  mixture  to  be  separated.  The  interaction  between  solute  and  solvent 
may  vary  from  very  loose  solvation,  e.g.,  by  dipole  interaction,  to  fairly 
stable  complexes  involving  hydrogen  bonds  and  other  co-ordinative  link¬ 
ages.  The  interaction  should  take  place  with  the  less  volatile  component 
of  the  distilland  in  order  to  enhance  the  normal  volatility  relationships. 

The  relative  polarity  of  a  compound  has  been  used  in  the  past  to  explain 
its  ideal  or  nonideal  behavior  in  solution.  Liquids  of  similar  polarity  when 
mixed  are  expected  to  form  nearly  ideal  solutions,  while  those  of  different 
polarity  are  expected  to  deviate  from  ideality  in  proportion  to  their  differ¬ 
ence.  Ewell  et  al.,35  among  others,  disagree  with  this  concept  in  connection 
with  azeotropic  distillation,  and  point  out  certain  exceptions  to  the  above 
generalization.  Hildebrand36  has  recently  introduced  a  modification  ot 
the  polarity  concept  to  make  allowance  for  steric  hindrance  existing  in  some 

32  Ball,  U.  S.  Bur.  Mines  Rpts.  Invest.,  3721  (1943). 

33  Smith,  Ind.  Eng.  Chem.,  34,  234  (1942). 

34  Varteressian  and  Fenske,  Ind.  Eng.  Chem.,  29,  270  (1937). 

35  Ewell,  Harrison,  and  Berg,  Ind.  Eng.  Chem.,  36,  871  (1944). 

33  Hildebrand,  Solubilities.  2nd  ed.,  Reinhold,  New  York,  1936. 
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molecules  having  high  dipole  moment,  which  in  effect  tends  to  neutialize 
the  polarity  of  the  compound.  Bearing  in  mind  that  there  are  exceptions, 
we  shall  use  the  concept  of  polarity  as  the  basis  for  discussion. 

The  types  of  mixtures  to  be  separated  by  extractive  distillation  can  be 
classified  as  follows:  (a)  highly  polar;  (6)  nonpolar;  (c)  one  component 
polar,  the  other  nonpolar;  and  ( d )  both  components  of  intermediate  polar¬ 
ity. 

For  a  highly  polar  mixture  such  as  acetic  acid  and  water,  a  nonpolar 
solvent  such  as  a  high-boiling  oil  fraction  should  be  helpful37  by  increasing 
the  volatility  of  water.  If  the  mixture  is  nonpolar  like  cyclohexane-ben¬ 
zene,  a  polar  solvent  such  as  aniline  will  facilitate  the  separation29  by  render¬ 
ing  cyclohexane  more  volatile. 

For  the  case  in  which  one  constituent  is  nonpolar  and  the  other  polar,  one 
might  expect  either  a  polar  or  a  nonpolar  solvent  to  be  satisfactory.  In 
practice,  the  solvent  which  augments  the  normal  relative  volatilities  is  pre¬ 
ferred.  For  example,  if  the  polar  component  is  less  volatile,  a  polar  solvent 
will  augment  the  normal  volatilities  while  a  nonpolar  solvent  will  reverse 
them.  Other  things  being  equal,  however,  a  polar  solvent  will  be  prefer¬ 
able  since  a  more  highly  nonideal  solution  will  usually  be  obtained. 

For  a  mixture  of  intermediate  polarity  one  would  expect  either  a  highly 
polar  or  a  nonpolar  solvent  to  be  satisfactory.  The  effect  of  the  solvent  on 
normal  volatilities  is  not  easy  to  predict  in  this  case  but  a  polar  solvent 
would  be  recommended  for  an  initial  trial. 

The  points  to  be  considered  in  selecting  a  solvent  for  enhancing  relative 
volatilities  in  extractive  distillation  are: 


(а)  Binary  mixture,  highly  polar:  Select  a  polar  solvent  or  a  nonpolar  solvent 
more  soluble  with  the  higher  boiling  component. 

(б)  Binary  mixture,  nonpolar:  Select  a  polar  solvent  more  soluble  with  the 
higher  boiling  component. 

(<■)  Binary  mixture,  the  more  volatile  component  polar,  the  other  nonpolar- 

Select  a  nonpolar  solvent  or  a  polar  solvent.  The  latter  may  reverse  relative  vola- 
tuities. 

(d)  Binary  mixture,  the  more  volatile  component  nonpolar,  the  other  polar- 
select  a  polar  solvent. 

(e)  Binary  mixture,  moderately  polar:  Follow  a. 

renorted^Hiirh118^116  P°lari*ies  of  a  few  ‘ypical  “game  compounds 
reported  by  Hildebrand,1 36  expressed  as  dipole  moments  38 

It  was  shown  in  Figure  2  that  for  a  given  solvent  the  enhancement  in 
relative  volatility  depends  upon  the  solvent  concentration,  the  maximum 

«  P-  *3- 

JI/clWs  ofOryanic  Chemutry.  2nd  ed.  Interscience,' ^ewYmk^  n',’ 
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TABLE  IX 

I  olarities  Expressed  as  Dipole  Moments 


Compound 

M  X  1018  e.s.u. 
at  208C. 

H,0 

Water . 

cs2 

Carbon  disulfide . 

so2 

Sulfur  dioxide . 

CC14 

Carbon  tetrachloride. . .  , 

n-C6H14 

Hexane . 

n-C7HI6 

Heptane . 

n-C8Hls 

Octane . 

c6h12 

Cyclohexane . 

c6h6 

Benzene . 

CeHsCH, 

Toluene . 

P-C6H4(CH3)2 

p-Xylene . 

.  0 

c10h8 

Naphthalene . 

.  0 

CHC13 

Chloroform . 

.  1.05 

CHBi-3 

Bromoform . ' . 

.  1.0 

C2H6Br 

Ethyl  bromide . 

.  1.83 

c2hj 

Ethyl  iodide . 

.  1.66 

c6h5ci 

Chlorobenzene . 

.  1.56 

C6H5Br 

Bromobenzene . 

.  1.49 

C6H5I 

Iodobenzene . 

.  1.30 

o-C6H4C12 

o-Dichlorobenzene . 

.  2.24 

m-C6H4Cl2 

m-Pichlorobenzene . 

.  1.48 

p-c«h4ci2 

p-Dichlorobenzene . 

.  0 

CH30H 

Methyl  alcohol . 

.  1.68 

C2H5OH 

Ethyl  alcohol . 

.  1.70 

C8H17OH 

Octyl  alcohol . 

.  1.68 

C6H5OH 

Phenol . 

.  1.70 

(CH3)20 

Dimethyl  ether . 

.  1.32 

(C6H.,)>0 

Diphenyl  ether . 

.  1.14 

(CH3)2CO 

Acetone . 

.  2.8 

ch3cooc2h5 

Ethyl  acetate . 

.  1.86 

CH3CHO 

Acetaldehyde . 

.  2.46 

CH3CN 

Acetonitrile . 

.  3.2 

ch3no2 

Nitromethane . 

.  3  42 

c6h5no2 

Nitrobenzene . 

.  4.19 

c2h5nh2 

Ethylamine . 

.  1.3 

c«h5nh2 

Aniline . 

.  1.51 

value  of  relative  volatility  being  realized  for  the  limiting  case  of  100% 
solvent.  In  practice,  a  maximum  enhancement  in  relative  volatility  is  not 
necessary,  and  a  value  of  1.5  to  2.0  is  in  general  adequate  for  good  separa¬ 
tion  by  batch  distillation  in  a  moderately  efficient  column.  For  example 
a  mixture  with  a  relative  volatility  of  1 .5  at  10 : 1  reflux  ratio  in  a  15  theoret¬ 
ical  plate  column  will  give  an  overhead  product  containing  90  mole  per 
cent  of  the  more  volatile  component,  with  only  20  mole  per  cent  in  the  still. 
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This  is  very  close  to  the  maximum  separation  at  10  r  1  reflux  ratio,  as  can  be 
seen  in  Figure  7 : 


Fig.  7.  Theoretical-plate  requirements  for  batch  distillation  at 
10: 1  reflux  ratio  with  1.5  relative  volatility. 


4.  Laboratory  Apparatus  and  Procedures 

The  apparatus  and  procedure  for  laboratory  extractive  distillation  can 
be  very  simple  or  quite  elaborate,  depending  upon  the  frequency  of  such 
distillations  and  the  number  oi  independent  operations  the  operator  is  will¬ 
ing  to  make. 


A.  BATCH  EXTRACTIVE  DISTILLATION  WITHOUT  SOLVENT  RECYCLE 

The  simplest  laboratory  application  of  extractive  distillation  involves 
merely  a  modification  of  the  operation  of  a  conventional  batch  laboratory 
fractional-distillation  column.  During  distillation,  solvent  is  added  con¬ 
tinuously  at  the  head  of  the  column  through  the  thermometer  or  thermo¬ 
couple  well  or  at  the  condenser.  The  product  withdrawn  at  the  top  of  the 
column  contains  solvent,  which  can  be  removed  by  a  separate  operation 
and  solvent  builds  up  the  still  pot  which  should  be  of  adequate  size  to 
umlle  the  quantity  of  solvent  added.  Bottoms  product  and  solvent  can  be 
separated  after  the  extractive  distillation  by  running  the  column  as  a  con 

r:rr,sr°n  coiumn-  ™s  **  °f  option * 

la  ly  suitable  for  the  purification  of  volatile  compounds  used  in  other  ohvs^ 
cal  or  chemical  studies,  particularly  when  the  impurities  are  present  ,  i ' 

concentrations  (5%  or  less)  P  ie‘  are  present  m  low 
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cussion  has  a  column  section,  A,  12  mm.  I.D.  packed  for  50  cm.  with  Va¬ 
in-  stainless-steel  helices  which  will  give  30-40  theoretical  plates.  When 
opeiated  under  adiabatic  conditions  of  total  reflux  with  a  throughly  wetted 
packing,  this  column  will  have  a  toluene  boil-up  rate  of  at  least  500  ml.  per 
hour.  The  column  is  rendered  adiabatic  by  an  electrically  wound  glass 
jacket,  J ,  which  is  surrounded  by  a  second  glass  jacket  not  shown.  The  top 
of  the  column  consists  of  a  conventional  head  which  provides  a  cold-finger 
condenser,  C,  and  product  take-off,  D,  through  stopcock  E  and  vent  G. 

4  he  thermowell,  H,  has  been  modified  by  the  addition  of  a  dropping  funnel, 
F,  by  means  of  which  solvent  can  be  added  continuously  at  a  controlled 
rate  through  stopcock  K  to  the  liquid  reflux  in  the  column.  A  500-ml. 
funnel  is  adequate,  since  it  can  be  refilled  as  needed.  A  graduated  funnel 
is  recommended  to  facilitate  checking  the  rate  of  solvent  addition.  An 
enlarged  still  pot  is  shown  to  provide  capacity  for  solvent  build-up. 

The  purification  by  extractive  distillation  of  a  liter  of  benzene  containing 

5  volume  per  cent  cyclohexane  as  an  impurity  would  require  taking  over¬ 
head  slightly  more  than  50  ml.  of  hydrocarbon  (5%  of  1000  ml.)  plus  a 
volume  equivalent  to  the  column  holdup  of  7  ml.  to  allow  for  the  concentra¬ 
tion  gradient  in  the  column  during  the  transition  from  cyclohexane  to  ben¬ 
zene.  If  aniline  were  used  the  distillate  would  contain  between  10  and  20 
volume  per  cent  solvent.  In  this  case  the  minimum  volume  of  distillate 


necessary  during  the  extractive  distillation  would  be  approximately  80  ml., 
although  it  would  be  well  to  take  over  at  least  100  or  150  ml.  making  ap¬ 
propriate  cuts,  particularly  at  the  expected  transition  from  cyclohexane  to 
benzene.  It  is  good  practice  to  take  volume  or  weight  fractions  as  in  any 
analytical  fractional  distillation  and  to  test  the  purity  of  the  solvent-free 
products. 

A  hydrocarbon  reflux  ratio  of  10:1  is  recommended  for  good  separation 
and  clean-up,  while  a  solvent-liquid  hydrocarbon  ratio  of  1 : 1  should  be 
satisfactory.  At  500-ml.  boil-up  rate  and  10:1  reflux  ratio  it  will  take 
slightly  over  2  hours  to  collect  100  ml.  of  product.  Allowing  2.5  hours  for 
product  take-off  and  an  hour  for  column  equilibration,  extractive  distilla¬ 
tion  will  continue  for  3.5  hours.  This  will  require  450  ml.  solvent  per  hour 
or  1575  ml.  total.  With  an  initial  still  charge  of  1000  ml.,  a  5-liter  flask 
will  be  required  for  B  in  Figure  8. 

In  general,  the  data  on  the  system  to  be  separated  are  not  as  complete 
as  in  the  above  illustration.  In  such  cases  a  hydrocarbon  reflux  ratio  ol 
10  •  1  and  a  solvent-hydrocarbon  ratio  of  1 : 1  are  selected  and  the  equivalen  - 
of  an  analytical  distillation  is  carried  out.  When  apparatus  such  as  that 
shown  in  Figure  8  is  used,  the  extractive  distillation  can  be  carried  out  in 
several  successive  steps  if  necessary.  First,  solvent  is  added  during  extrac¬ 
tive  distillation  to  the  limit  of  the  still  capacity;  next,  solvent  addition  . 
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discontinued  and  the  unknown  mixture  is  stripped  from  the  solvent  by  con¬ 
ventional  distillation ;  then  the  unknown  is  recharged  to  the  still  after  re¬ 
moval  of  regenerated  solvent,  which  is  added  at  the  head  of  the  column  for 
continued  extractive  distillation.  A  procedure  such  as  that  just  described 
would  have  been  necessary  in  the  above  example  if  the  mixture  had  con- 


N 

F 


I' ig.  8.  Modification  of  laboratory  frac¬ 
tional-distillation  apparatus  for  extractive 
distillation. 


tig.  9.  Laboratory  extractive-distilla¬ 
tion  apparatus  with  solvent  recycle,  single 
control  point. 


^veto5lLbrr  a’U!  f %  Cyclohexane-  would  have  been  neces- 

sary  to  take  all  the  cyclohexane  overhead  as  distillate. 

It  should  be  noted  here  that  if  the  solvent  is  not  preheated  but  is  t 
temperature,  as  will  genera  11  v  +l  •  1  eated  t)ut  ls  at  room 

Will  tend  to  condense  some  vapors  o  that  th  Tt  ^  88  ^  8- 

be  higher  than  that  observed  at  ^ 

warm  the  solvent  to  ensure  that  vapors  reach  the  condense  ^  ‘° 
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B.  BATCH  EXTRACTIVE  DISTILLATION  WITH  SOLVENT  RECYCLE 

Where  extractive  distillations  are  carried  out  with  any  frequency,  a 
batch  laboratory  unit  designed  for  solvent  recycle  will  be  desirable.  The  es¬ 
sentials  of  such  an  apparatus  are  shown  in  Figure  9  on  page  343.  It  con¬ 
sists  of  two  fractional  distillation  columns.  One  contains  the  extractive- 
distillation  section,  A,  the  enriching  section,  B,  for  solvent  removal  from 
the  distillate  which  is  recovered  at  F,  and  an  accumulator,  C,  for  solvent 
and  mixture.  The  second  column  contains  a  solvent-stripping  section,  D, 
for  solvent  regeneration  and  to  provide  vapors  for  the  extractive-distilla¬ 
tion  section,  A.  It  has  a  heated  still  pot,  E.  If  no  heat  losses  were  incur¬ 
red  this  would  be  the  sole  source  of  heat  in  the  unit.  In  laboratory  equip¬ 
ment,  where  heat  losses  can  be  a  relatively  large  portion  of  the  total  heat, 
it  is  usually  necessary  to  heat  accumulator  C  to  ensure  adequate  vapor  for 
the  extractive-distillation  zone.  Regenerated  solvent  from  E  is  pumped 
continuously  to  the  extractive-distillation  column.  For  smoothness  of  con¬ 
trol,  intermediate  storage  of  solvent  at  G,  ahead  of  the  pump,  is  recom¬ 
mended.  A  mechanical  pump,  L,  is  shown,  but  a  thermal  pump  (total 
vaporizer)  with  a  condenser  at  point  H  would  be  equally  satisfactory  for 
heat-stable  solvents.  There  are  several  points  of  control  in  such  a  unit  in 
addition  to  the  common  ones  of  reflux  ratio  and  boil-up  rate  in  fractional 
distillation.  The  liquid  level  in  accumulator  C  is  held  constant  by  over¬ 
flow  J.  Solvent  withdrawal  from  E  is  controlled  by  a  similar  overflow,  K. 
A  swinging-bucket  type  of  column  head,  N,  is  used  with  automatic  reflux 
control  (see  Chapter  II).  The  pump,  L,  can  be  set  to  deliver  solvent  at  a 
predetermined  rate.  The  heat  input  at  E  and  C  can  be  set  at  a  safe  \alue, 
based  on  a  little  operating  experience,  and  readjusted  gradually  as  the  sys¬ 
tem  is  depleted  in  volatile  components  during  the  extractive  distillation. 
The  boil-up  rates  at  C  and  particularly  at  E  become  the  control  points.  To 
be  sure  the  solvent  in  still  pot  E  is  completely  stripped  of  volatiles,  the 
temperature  in  E  should  be  that  of  boiling  solvent.  This  can  be  checked  by 
thermometer  or  thermocouple  in  a  thermowell  in  still  pot  E.  Stopcocks 
S\  S<i  S3  permit  complete  draining  of  the  apparatus.  The  intermediate 
solvent  storage  vessel,  G,  is  vented  to  the  atmosphere  at  P,  which  may  also 
serve  as  a  solvent  charge  line.  A  large  flask  or  beaker  open  to  the  atmos¬ 
phere  makes  a  good  solvent  storage  vessel.  It  will  usually  be  necessary  to 
cool  the  overflow  from  E  and  to  preheat  the  solvent  at  H  for  satisfactory 

^Suitable  dimensions  for  the  component  parts  of  the  apparatus  shown  in 
Figure  9  are  as  follows; 

Rectifying  section,  B,  15  to  25  mm.  O.D.  X  25  cm.  long 

Extractive  distillation  section,  A,  15  to  25  mm.  O.D.  X  cm.  ong. 


III. 


EXTRACTIVE  AND  AZEOTROPIC  DISTILLATION 


345 


Accumulator,  C,  1  to  3  liters. 

Overflow,  J,  8  to  10  mm.  O.D.  and  10-20  cm.  long  with  at  least  3  cm.  differ¬ 
ence  in  vertical  length  of  arms. 

Vapor  line,  0,  8  to  12  mm.  O.D. 

Stripping  column,  D,  25  to  35  mm.  O.D. 

Still  pot,  E,  2  to  3  liters. 

Overflow,  K,  8  to  10  mm.  O.D.  and  10-20  cm.  long  with  at  least  3  cm.  differ¬ 
ence  in  vertical  length  of  arms. 

Vent  line,  Q,  2-mm.  capillary. 

Solvent  reservoir,  G,  500  to  1000  ml. 

Stopcocks,  Si,  S«,  S3,  2  mm.  oblique  bore,  lubricated  with  high-temperature 
stopcock  grease. 

Solvent  feed  line,  H,  8  to  10  mm.  O.D.  A  small  rotameter  in  this  line  to  indi¬ 
cate  flow  rates  would  be  very  desirable. 

Pump,  L,  can  be  a  small  centrifugal  pump  such  as  those  available  from  Eastern 
Engineering  Company  provided  with  a  bypass,  shown  dotted,  for  flow  con¬ 
trol. 

Other  laboratory  variable  rate  pumps  which  may  be  used,  but  which  are 
less  desirable  because  of  their  pulsating  flow,  are  the  positive-displacement 
pumps,  such  as  those  available  from  Hills-McCanna  and  Proportioneers, 
Inc.,  or  pumps  such  as  those  available  from  Wilson  Pulsafeeders,  Inc. 

Equipment  not  shown  in  Figure  9 : 


Heater  for  still  pot  E,  450-550  watts. 

Heater  for  accumulator  C,  450-550  watts. 

Heater  control:  for  alternating  current,  auto  transformers  such  as  Variac  (Gen¬ 
eral  Radio  Company)  or  Varitran  (United  Transformer  Company);  for 
direct  current,  slide-wire  rheostats,  90  to  180  ohms. 

Insulation,  various  alternatives:  (a)  electrical  windings,  10  watts  per  centi¬ 
meter  length  of  column  to  be  wound,  maximum;  (5)  vacuum  jackets- 
(c)  vapor  bath  in  jackets. 

1  imer  and  solenoid  for  swinging-funnel  reflux  divider  such  as  those  available 

from  Eagle  Signal  Company,  Scientific  Glass  Apparatus  Company,  Ace 

Glass  Company,  General  Electric  Company,  or  Glass  Engineering  Labora¬ 
tories. 

Internal  construction  of  columns,  various  alternatives:  (a)  Packed  columns. 
Single-turn  wire  helices,  Berl  saddles,  Raschig  rings,  or  similar  small  lab- 
oratory  packing.  Nominal  diameter  of  packing  should  be  less  than  one- 
fifth  inside  diameter  of  column.  For  example-,  in  a  25-mm.  I.D.  column 
rngle  turi,  wire  helices  should  be  less  than  5  mm.  (approximately  V,’. 

mended  (ttpe 7  t'VT hdiCeS  °r  Smaller  would 
columns* 39  l)  Bubhl  ^  W1‘h  overflows  such  as  the  Oldershaw 

cents  Bubble-cap  columns,  (d)  Any  suitable  vapor-liquid 

ntacting  arrangement  used  ,n  fractional-distillation  laboratory  columns. 

"Oldershaw,  Ind.  Eng.  Chan.,  Anal.  Ed.,  13  2G5  liojn  «r  ,  .  ,  , 

Engineering  Laboratories,  Belmont,  California  '  Manufactured  *>y  Glass 
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The  practicability  of  a  batch  laboratory  apparatus  with  solvent  recircu¬ 
lation  has  been  demonstrated.40  The  apparatus,  shown  schematically  in 
Figure  10,  was  designed  for  the  specific  purpose  of  determining  the  effec¬ 
tiveness  of  extractive  distillation  in  a  packed  laboratory  column  as  com¬ 
pared  with  fractional  distillation.  It  can  be  used  as  shown  for  extractive 

distillation  or  with  minor  modifications  to 
produce  a  solvent-free  distillate.  It  contains 
several  unique  features:  ( 1 )  A  thermal  pump 
to  circulate  solvent.  (2)  The  solvent-stripping 
column  and  the  extractive-distillation  column 
as  one  vertical  unit.  (3)  Solvent  and  hydro¬ 
carbon  reflux  mix  as  vapors  at  the  condenser. 
The  apparatus  consists  of  the  following  main 
parts : 

A  vapor-liquid  extractive-distillation  contacting 
section,  B;  a  stripping  column,  E,  for  purifying 
high-boiling  solvent;  a  means,  G,  H,  for  recycling 
solvent  to  the  top  of  the  extractive-distillation 
section ;  a  condenser,  A ;  a  means,  E,  J,  for  in¬ 
troducing  hydrocarbon  and  solvent  vapors  to  the 
bottom  of  the  extractive-distillation  section;  and 
a  reservoir  or  accumulator,  D,  for  the  mixture  being 
extractively  distilled. 

Detailed  dimensions  of  the  apparatus  shown 
in  Figure  10  are  given  in  the  original  publica¬ 
tion.40  Below  the  condenser  is  suspended  a 
positive-displacement  distillate  receiver.  The 
condenser  is  of  the  cold-finger  type  but  hollow 
in  the  center  to  permit  distillate  withdrawal 
through  a  siphon  tube,  3  mm.  O.D.  The  ex¬ 
tractive  distillation  section,  B,  is  packed  with 
3/16-in.  single-turn  wire  helices  made  from  No. 
26  B  &  S  gage  stainless-steel  wire.  The  same 
packing  is  used  in  the  stripping  column,  E. 


Fig.  10.  Batch  laboratory 
extractive-distillation  appara¬ 
tus  with  solvent  recycle. 


4  vapor  jacket  surrounds  the  extractive-distillation  section  B  for 'heat 
control  but  electrical  resistance  windings  would  provide  greater  Hexi  >  .  _ 

The  mixture  to  be  extractively  distilled,  which  for  ease  of  reference  will  be 
called  a  hydrocarbon  mixture,  is  retained  in  reservoir  1)  and  contains  so  v e 
in  the  ratio  being  circulated.  This  ratio  automatically  adju^  jt^h  ,  _ 
center  of  the  reservoir  is  a  vertical  25-mm.  I.D.  tube,  open  at  the  top, 

«  Dicks  and  Carlson,  Trans.  Am.  Inst.  Chem.  Engrs.,  41,  780  (1945). 
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is  really  the  top  of  the  solvent-stripping  column  returning  hydrocarbon 
vapors  with  some  solvent  to  the  extractive-distillation  zone.  The  liquid 
level  in  the  reservoir  is  always  below  the  top  of  this  tube.  Hydrocarbon 
and  solvent  are  fed  continuously  to  the  solvent-stripping  column  through 
the  stopcock  (7v,  Fig.  10).  Complete  stripping  of  hydrocarbon  from  the 
solvent  is  achieved  in  stripping  column  E.  This  is  wound  with  electrical 
resistance  wire  to  prevent  heat  loss.  From  the  bottom  of  the  reboiler,  F, 
solvent  flows  continuously  to  the  vaporizer,  G,  which  serves  as  a  thermal 
pump  and  as  a  solvent  reservoir.  In  working  with  this  apparatus*  aniline 
was  used  as  the  solvent  and  any  decomposition  products  accumulated  in 
the  vaporizer,  G,  so  that  only  clean  solvent  was  recirculated.  Solvent 
vapors  rose  through  the  electrically  heated  riser,  H,  and  condensed  with 
hydrocarbon  vapors  on  the  condenser,  A,  thus  ensuring  excellent  mixing  of 
solvent  and  hydrocarbon  reflux. 

The  hydrocarbon  reservoir,  D,  was  insulated  both  with  asbestos  and  elec¬ 
trical  resistance  windings.  It  was  kept  warm  during  operation  but  no  boil¬ 
ing  occurred  here.  In  the  course  of  an  extractive  distillation,  the  volume  of 
liquid  in  reservoir,  D,  would  gradually  decrease  as  hydrocarbon  and  solvent 
was  withdrawn  as  distillate.  If  a  solvent-free  distillate  is  withdrawn,  the 
volume  of  solvent  in  the  reboiler,  F,  and  vaporizer,  G,  will  increase  if  a 


constant  solvent: hydrocarbon  ratio  is  maintained  in  accumulator  D. 
Should  the  solvent  volume  in  F  and  G  become  too  great,  it  can  be  withdrawn 
through  a  drain  L. 

Three  obvious  modifications  of  this  apparatus  for  routine  extractive  dis¬ 
tillations  are:  (a)  Addition  of  a  rectifying  section,  40  cm.  long,  above  the 
extractive-distillation  zone  to  give  a  solvent-free  distillate.  (6)  Condensa¬ 
tion  of  solvent  prior  to  its  addition  to  the  extractive-distillation  zone  if 
modification  a  is  made.  This  is  also  a  desirable  change  without  modifica¬ 
tion  a  in  order  to  avoid  dilution  of  hydrocarbon  distillate  with  recycled 
solvent  .  (c)  An  increase  to  40  mm.  of  the  diameter  of  the  stripping  col¬ 
umn,  which  now  limits  the  distillation  rates. 

When  employing  solvent  recycle,  the  solvent  must  be  completely 
stripped  of  hydrocarbon  or  the  desired  separation  will  be  defeated  by  intro- 
ucmg  material  of  still-pot  composition  at  the  condenser. 


C.  CONTINUOUS  EXTRACTIVE  DISTILLATION  WITHOUT  SOLVENT  RECYCLE 

in  Fir  i!abTte  d7ice  f0r  laborato,y  extractive  distillation  is  shown 

-  .h, «. 

tinuouslyatthetopof  the  column  A  still  ’  1  g  Wlthdrawn  «»>- 

coinmn  to  furnish  'vapors 
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tile  components  and  solvent  which  accumulate  in  the  still  are  continuously 
drawn  off  and  sent  to  storage.  Solvent  and  less  volatile  components  are 
recovered  in  a  separate  step. 

The  feed,  h ,  is  introduced  at  a  point  intermediate  between  solvent  feed, 
S,  and  the  reboiler  to  ensure  complete  stripping  of  more  volatile  material 
from  the  solvent-hydrocarbon  mixture  withdrawn  to  storage.  The  solvent 
is  shown  entering  below  the  reflux  return  to  give  a  solvent-free  distillate,  D, 
as  overhead  product. 


jrjg#  Continuous  Fig.  12.  Continuous  Gxtr&ctivG-distill&tiou 

extractive-distillation  col-  apparatus  with  solvent  recycle, 

umn  without  solvent  re¬ 
covery  and  recycle. 


Griswold  et  al.Al  described  a  laboratory  apparatus  operating  in  a  manner 
similar  to  that  shown  in  Figure  11.  It  was  designed  to  operate  on  hydio- 
carbon  fractions  boiling  in  the  C9-Cs  range  with  aniline  as  a  solvent.  The 
column  consisted  of  a  1-in.  standard  iron  pipe  packed  for  48  in.  with  Vr-m. 
metal  helices.  Feed  was  pumped  directly  to  a  hydrocarbon  vaporizer,  at 
the  bottom  of  the  column,  while  solvent  and  hydrocarbon  were  withdrawn 
as  a  liquid  just  above  the  feed  vaporizer  and  sent  to  storage.  Solvent  was 
pumped  to  the  top  of  the  column,  mixed  with  hydrocarbon  reflux,  an< 
heated  to  ensure  complete  miscibility.  The  extractive-distillation  column 

Griswold,  Andres,  Van  Berg,  and  Kasch,  Ind.  Eng.  Chem.,  38,  65  (1946). 
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was  lagged  with  80%  magnesia  and  wound  with  resistance  wire  in  four  sec¬ 
tions  of  150  watts  each.  The  hydrocarbon  vaporizer  and  the  solvent-reflux 
preheater  each  contained  a  600- watt  cartridge  heater. 


D.  CONTINUOUS  EXTRACTIVE  DISTILLATION  WITH  SOLVENT  RECYCLE 

The  arrangement  of  equipment  for  continuous  extractive  distillation  with 
solvent  recycle  is  shown  in  Figure  12,  on  page  348.  It  consists  of  two 
complete  fractionating  columns.  The  extractive  distillation  column,  7-1, 
is  a  replica  of  that  shown  in  Figure  11.  Column  T- 2  is  the  solvent-stripping 
column,  which  produces  stripped  solvent  as  a  bottoms  product  and  an  over¬ 
head  product,  W,  which  is  the  less  volatile  material  in  the  feed,  F.  In 
ordinary  fractional  distillation  it  would  have  been  the  bottoms  product 
(assuming  it  is  the  high-boiling  material  in  the  absence  of  solvent). 

To  carry  out  this  operation  in  the  laboratory,  the  incorporation  of  various 
arrangements  such  as  those  discussed  for  Figure  9  to  decrease  the  number  of 
control  points  is  essential.  The  schematic  arrangement  shown  in  Figure 
12  requires  eight  points  of  control: 

Reflux  ratio  for  each  column  (2). 

Still-pot  boil-up  rate  for  each  column  (2). 

Liquid  levels  in  P-1  and  P-2  (2). 

Solvent  rate. 

Feed  rate. 


By  mounting  column  T-l  at  a  higher  level  than  T- 2  a  gravity  overflow  sys¬ 
tem  from  still  pot  P-1  can  be  used  for  column  T-l  as  well  as  for  T-2.  Reflux 
ratios  can  be  controlled  automatically  by  the  use  of  a  swinging-funnel  still 
head.  Heat  input  to  P-1  and  P-2  needs  little  adjustment  after  some  experi¬ 
ence  has  been  gained  in  operating  such  apparatus.  Boil-up  rate  can  be  con¬ 
trolled  automatically  if  desired  by  means  of  a  manometer  measuring  pres¬ 
sure  drop  across  the  packing  of  the  column,  since  pressure  drop  increases 
with  distillation  rate.  This  leaves  two  critical  points  of  control,  feed  and 
solvent  rates.  These  can  be  controlled  manually  or  automatically  by  means 
of  flow  control  devices,  depending  upon  the  elaborateness  of  the  laboratorv 
setup.  In  any  case,  a  means  of  indicating  flow  rates  of  these  streams  to  P-1 

are  Tu  it  able.  “  rotameters.  °r  capillary  constrictions 

Griswold  and  Van  Berg«  have  described  an  apparatus  similar  to  that 
sketched  in  Figure  12.  The  extractive-distillation  column  was  made  from 
2-in.  standard  iron  pipe,  and  had  150  screen  plates  IV,  in  amrt  It  „ 
wound  with  six  sections  of  electrical  resistance  wire,  2oi  wX  each  e"! 


“  Griswold  and  Van  Berg,  Ind.  Eng.  Chem.,  38,  170  (1946). 


350 


CARL  S.  CARLSON 


trolled  by  individual  Variacs.  The  hydrocarbon  vaporizer  and  solvent- 
reflux  preheater  were  heated  with  steam. 

The  solvent-stripping  column  was  also  made  from  2-in.  standard  pipe 
but  packed  for  4  ft.  with  Win.  carding  teeth.  It  was  wound  with  a  300- 
watt  heatei  element  to  render  it  adiabatic.  A  2-liter  capacity  reboiler  was 
provided  with  a  660-watt  heater.  Gear  pumps  were  used  to  control  the 
flow  rate  of  all  the  liquid  streams.  A  liquid-level  controller  was  used  for 
the  bottom  of  the  extractive-distillate  column,  while  the  level  in  the  re¬ 
boiler  of  the  stripping  column  was  manually  controlled. 

E.  CONTROL  OF  OPERATION  IN  EXTRACTIVE  DISTILLATION 

The  major  factors  of  control  have  already  been  discussed  in  connection 
with  specific  apparatus.  One  point  is  so  important  that  it  will  be  repeated 
for  emphasis:  the  separation  realized  in  extractive  distillations  results 
from  the  presence  of  a  high  concentration  of  solvent  in  the  liquid  phase. 
This  must  be  provided.  In  those  cases  in  which  solvent  is  recirculated,  it 
must  be  completely  stripped  of  feed  components  or  the  desired  separation 
will  not  be  realized.  Solvent  preheating  is  also  very  important  since  it  will 
influence  markedly  the  vapor  load  at  the  condenser.  The  solvent  should 
be  preheated  to  the  proper  temperature  and  held  at  this  temperature  dur¬ 
ing  any  distillation. 

Since,  in  general,  the  solvent  used  boils  50  to  100  °C.  above  the  tempera¬ 
ture  of  the  mixture  being  separated,  the  most  satisfactory  way  of  following 
the  extractive  distillation  and  solvent  stripping  is  by  temperature  readings. 
Whenever  possible,  thermometers  or  thermocouples  should  be  installed  in 
the  apparatus  to  permit  temperature  readings  at  the  following  points: 

Overhead  vapor. 

Solvent  just  before  entering  column. 

Just  below  solvent  feed  point. 

At  bottom  of  extractive-distillation  section  A  (see  Fig.  9). 

In  accumulator,  C. 

At  top,  middle,  and  bottom  of  stripping  column,  D. 

In  still  pot,  E. 

The  temperature  at  the  bottom  of  the  packed  section  of  stripping  column 

D  should  be  that  of  pure  boiling  solvent. 

Heat  losses  should  be  minimized  by  adequate  use  of  lagging  and  heating 
elements  in  order  to  avoid  excess  condensation  of  vapor  at  various  points 
in  the  apparatus. 
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5.  Calculation  of  Extractive-Distillation  Separations 

Since  it  has  been  the  practice  to  express  vapor-liquid  equilibria  in  the 
presence  of  a  solvent,  as  a  modified  relative  volatility  as,  indicating  the 
separation  realized  in  a  one-plate  still,  these  values  can  be  used  directly 
for  extractive  distillation  calculations  in  the  same  manner  that  a  has  been 
used.  This  is  illustrated  in  the  following  example: 


(/)  Data. 

Mixture  to  be  separated:  n-heptane- methyl  cyclohexane. 

Solvent:  Aniline. 

Charge:  50  mole  per  cent  n-heptane  in  methylcyclohexane. 

Overhead  product:  90  mole  per  cent  n-heptane  on  a  solvent-free  basis. 
Aniline,  molecular  weight  93,  di°  1.02. 

n-Heptane,  molecular  weight  100,  dl°  0.684,  latent  heat  76.1  cal./g. 
Methylcyclohexane,  molecular  weight  98,  dl°  0.769,  latent  heat  76.9  cal./g. 
Column  (see  Fig.  9) : 

Section  A,  2.5  cm.  I.D.  X  150  cm. 

Section  B,  2.5  cm.  I.D.  X  35  cm. 

Section  D,  3.5  cm.  I.D.  X  50  cm. 

All  sections  packed  with  3/i6-in.  single-turn  helices. 

H.E.T.P.  7.1  cm.40 

Packing  throughput,  2800  ml.  liquid  per  hour.40 


(2)  Solvent  hydrocarbon  ratio.  From  the  equilibrium  data  for  this  system  in  the 
presence  of  aniline41  given  in  Table  II  it  can  be  seen  that  this  system  is  difficult  to 
separate.  In  order  to  realize  a  relative  volatility  of  1.4  to  1.5  a  solvent  concentra¬ 
tion  between  80  and  90  mole  per  cent  in  the  liquid  is  necessary.  As  an  initial  as¬ 
sumption  consider  that  this  corresponds  to  a  3 : 1  liquid  volume  ratio  of  aniline  to 
n-heptane  (initial  overhead  product) : 


Basis  100-ml.  liquid  mixture: 

Aniline  (75)  (1.02)/93  =  0.822  mole  (82.8  mole  per  cent). 
n-Heptane  (25) (0.684)/ 100  =  0.171  mole  (17.2  mole  per  cent). 


«^iSOlr^drOCT°“  liquW  volume  ratio  corresponds  to  approximately 
of  U4  an"ne  ”  *  'e  lqUld  phase-  This  should  a  relative  volatility 


(3)  Reflux  ratio  at  condenser.  The  minimum  reflux  ratio 
be  readily  calculated  using  the  Fenske  equation:43 


for  a  binary  mixture 


can 


U  _  1  /  *Dh 

“  ~  1  \Xnk 

43  Fenske,  Ind.  Eng.  Chem.,  24,  482  (1932). 


(17) 
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where  R^n  is  minimum  ratio  of  reflux  to  distillate;  «  is  1.44  for  n-heptane  to 
methylcyclohexane  in  the  presence  of  3  volumes  aniline  per  volume  hydrocarbon- 
lDh  1S  mole  fractlon  "-heptane  in  distillate,  0.90;  xDm  is  mole  fraction  methylcyclo¬ 
hexane  in  distillate,  0.10;  and  xn  is  mole  fraction  at  pinch,  in  this  case  considered 
equal  to  hydrocarbon  composition  in  still  pot,  C,  which  will  change  as  the  mixture 
is  depleted  in  n-heptane.  At  the  start  of  the  distillation : 


Duiing  the  extractive  distillation  the  minimum  reflux  requirements  increase  as 
follows,  expressing  composition  on  a  solvent-free  basis: 


Mole  fraction 
n-heptane  in  still 

Kan. 

^ actual 

0.50 

3.4 

5.1 

0.40 

4.1 

6.1 

0.30 

5.7 

8.6 

0.20 

8.8 

13.2 

0.15 

13.2 

20 

0.10 

20 

30 

A  useful  iule  of  thumb  is  to  operate  at  1.5  times  the  minimum  reflux  ratio  for  the 
desired  separation.  During  a  batch  distillation  the  reflux  ratio  can  be  increased 
gradually  but  it  is  usually  easier  to  operate  at  one  setting.  At  20 : 1  reflux  ratio, 
the  n-heptane  in  the  still  can  be  reduced  to  a  mole  fraction  of  0.15  (solvent-free 
basis). 

This  reflux  ratio  is  more  than  adequate  for  virtually  complete  removal  of  solvent 
aniline  from  the  overhead  distillate  since  the  relative  volatility  of  hydrocarbons 
to  aniline  is  approximately  8.5. 

(4)  Theoretical  plates  in  extractive  distillation  section.  The  final  separation  de¬ 
sired  corresponds  to  an  enrichment  ratio44  of  51.  With  a  relative  volatility  of  1.44 
a  minimum  of  10  theoretical  plates  will  be  necessary.  With  an  H.E.T.P.  (height 
equivalent  to  a  theoretical  plate;  see  definition,  Chapter  I)  of  7.1  cm.  for  this  pack¬ 
ing,  a  packed  length  of  at  least  71  cm.  will  be  required.  The  150  cm.  of  packed 
length  actually  provided  should  be  adequate.  It  this  is  not  the  case,  the  hydro¬ 
carbon  reflux  ratio  and  the  solvent:  hydrocarbon  ratio  need  only  be  increased 
slightly.  It  should  be  noted  that  the  reflux  ratio  and  solvent  rate  are  related  it  a 
constant  solvent  concentration  in  the  liquid  is  to  be  maintained.  Another  useful 
rule  of  thumb  is  that  at  1.5  times  the  minimum  reflux  ratio  1.5  times  the  minimum 
number  of  theoretical  plates  necessary  should  give  the  desired  separation.  This 
holds  only  over  the  common  operating  ranges,  5  mole  per  cent  more  volatile  com- 

44  The  ratio  of  concentrations  in  the  distillate  divided  by  the  ratio  of  concentrations 
in  the  still,  E.R.  =  {yi/yf)D{xx/xf)t.  See  Fenske  in  Science  of  Petroleum ,  Vol.  II,  Oxfor 
Univ.  Press,  New  York,  1938,  p.  1031. 
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ponent  in  the  still  to  95  mole  per  cent  more  volatile  component  in  the  distillate,  and 
for  mixtures  with  regular  x,y  diagrams  showing  no  pinches. 

It  should  be  noted  that,  in  the  extractive-distillation  section,  the  algebraic  cal¬ 
culations  for  theoretical  plates  are  made  using  relative  volatilities  in  the  presence 
of  solvent.  The  same  calculations  could  be  made  graphically  using  a  McCabe 
and  Thiele  diagram  drawn  on  a  solvent-free  basis. 

(, 5 )  Theoretical  plates  in  enriching  section  B  and  stripping  section  D.  Taking  «  as 
8.5  for  hydrocarbons  with  respect  to  aniline,  the  minimum  number  of  theoretical 
plates  will  be  less  than  3;  thus  the  35-cm.  enriching  section,  B,  should  be  adequate. 

For  complete  removal  of  hydrocarbon  from  solvent,  a  minimum  of  approximately 
3  theoretical  plates  will  be  necessary.  At  1.5  times  this  or  4.5  theoretical  plates,  a 
packed  length  of  32  cm.  will  be  needed  in  the  stripping  column,  D.  The  50  cm.  pro¬ 
vided  should  be  more  than  adequate. 

(6‘)  Vapor  rate  in  extractive-distillation  column.  The  column,  2.5  cm.  I.D.,  packed 
with  3/i6-in.  single-turn  helices,  will  have  a  distillation  rate  without  solvent  of  at 
least  2800  ml.  liquid  per  hour.  The  addition  of  solvent  will  materially  decrease 
this.  In  the  absence  of  concrete  data  it  will  be  assumed  the  distillation  rate  will  be 
decreased  50%  to  1400  ml.  liquid  per  hour. 

(7)  Solvent  rate.  Since  1400  ml.  hydrocarbon  is  liquefied  per  hour  at  the  con¬ 
denser  and  a  reflux  ratio  of  20: 1  will  be  used: 


(1400) (1/21)  —  67  ml.  hydrocarbon  distillate  per  hour 
1400  —  67  =  1333  ml.  hydrocarbon  reflux  per  hour 


At  a  3:1  volume  ratio  of  solvent  to  hydrocarbon  in  the  reflux,  3  X  1333,  or  3999, 
ml.  solvent  per  hour  must  be  circulated.  The  hydrocarbon  vapors  leaving  the  ex¬ 
tractive  distillation  section  will  contain  10%  aniline.45  Since  this  will  be  refluxed 
back,  an  equivalent  reduction  in  solvent  requirements  of  133  ml.  can  be  made  if 
desired.  Thus  solvent  circulation  rate  of  3999  -  133,  or  3866,  ml./hr.  may  be  used. 


(8)  Heat  requirements.  Assuming  no  heat  losses,  it  will  be 
only  1400  ml.  per  hour  of  hydrocarbon: 


necessary  to  vaporize 


„  .U  ,  ’l-,H,e>,tane:  0 M0) (0.684X70.1)  =  73,000  cal.  per  hour 
Methylcyclohexane :  (1400) (0.769) (76. 9)  =  82,500  cal.  per  hour 

(73,000)/860  =  85  watts 


(  " 111  r^Ulre  a  mmi|num  Of  85  watts  input.  Experience  has  shown  t Y 
6ve  times  his  amount  should  be  provided  if  an  external  heater  is  used 
Durmg  the  course  of  the  distillation  under  discussion,  the  hydrocarbc 
gradually  be  impoverished  in  n-l.eptane  as  it  is  removed  as  distillate 


at  least 
mixture 


C  arlson,  Ph.D.  Thesis,  Pennsyl 


vania  State 


College,  1939. 
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(9)  Summary  of  example. 
Equipment  requirements: 


Theoretical  plates 

Minimum 

At  finite 
reflux 

Available 
in  column 

Section  A 

10 

15 

21 

Section  B 

<3 

<4.5 

5 

Section  D 

3 

4.5 

7.0 

Reflux  ratio  at  condenser: 

minimum .  13  2 

at  operating  conditions .  20 

Solvent:  hydrocarbon  volume  ratio .  3:1 

Distillate  rate,  ml.  per  hour .  67 

Solvent  rate,  ml.  per  hour .  3866 

Solvent  concentration  in  liquid,  mole  per  cent .  83 

Relative  volatility,  n-heptane  to  methylcyclohexane .  1.44 

Relative  volatility,  hydrocarbon  to  aniline .  8.5 

Heat  input  to  still  pot: 

minimum .  85  watts 

recommended .  425  watts 


6.  Equipment  Performance 

A.  PACKED  LABORATORY  COLUMNS 

Few  data  are  available  on  the  effect  of  a  high-boiling  solvent  on  the 
H.E.T.P.  of  a  column  packing  or  on  the  efficiency  of  industrial  plate  col¬ 
umns.  Detailed  data  on  the  operation  of  a  packed  column  during  extrac¬ 
tive  distillation  of  n-heptane  and  methylcyclohexane  with  aniline  as  a 
solvent  have  been  reported.46  Similar  data  were  reported  for  operation  in 
the  absence  of  a  solvent.  From  this  information  and  the  vapor-liquid 
equilibria  data  of  Griswold  et  al.n  it  has  been  possible  to  calculate  packing 
efficiencies  j  they  averaged  88 %>.  A  correlation  ot  plate  efficiencies  as  a 
function  of  liquid  viscosity,  based  on  commercial  towers,47  would  have  pre¬ 
dicted  about  70%  efficiency. 

B.  COMMERCIAL  BUBBLE-PLATE  TOWERS 

Test  data  on  a  commercial  toluene  extractive-distillation  unit  using 
phenol  as  a  solvent  have  been  reported  by  Drickamer  and  Hummel. 4S 
An  over-all  average  plate  efficiency  of  50%  was  found  above  the  solvent- 
feed  tray  when  5  mole  per  cent  phenol  was  present.  An  average  plate  ef- 

«  Dicks  and  Carlson,  Trans.  Am.  Inst.  Chem.  Engrs.,  41,  789  (1945). 

«  Drickamer  and  Bradford,  Trans.  Am.  Inst.  Chem.  Engrs.,  39,  319  (1943). 

48  Drickamer  and  Hummel,  Trans.  Am,  Inst.  Chem,  Engrs.,  41,  607  (l.»4o). 
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ficiency  of  56%  was  found  below  the  solvent-feed  tray  when  55  mole  per 
cent  phenol  was  present.  If  the  solvent  had  any  effect,  it  was  the  reverse 
of  what  one  would  expect,  since  the  viscosity-plate  efficiency  correlation47 
predicts  60  and  40%  for  these  two  tower  sections,  respectively. 

Test  data  have  also  been  reported  for  several  towers  of  another  com¬ 
mercial  extractive-distillation  unit49  using  furfural  containing  4-6  %  water 
(by  weight)  as  a  mixed  solvent  for  the  separation  of  butanes,  butenes,  and 
butadiene.  In  the  n-butane  tower,  n-butane  is  separated  from  butene-2. 
In  the  isobutane  tower,  isobutane  is  removed  from  butene-1  and  butadiene. 
In  the  butadiene  tower,  separation  is  made  between  butene-1  and  butadiene. 
In  each  tower,  the  first-named  component  is  rejected  as  overhead  product 
using  aqueous  furfural  as  an  extractive-distillation  solvent.  The  plate  ef¬ 
ficiencies  of  the  individual  towers,  based  on  liquid-tray  analyses  were : 

Murphree  plate 

Tower  efficiency,  % 

n-Butane .  23 

Isobutane .  28 

Butadiene .  20 


Based  on  additional  data  not  given,  an  average  tray  efficiency  of  25%  is  rec¬ 
ommended  for  these  towers.  The  tray  efficiency  predicted  by  the  cor¬ 
relation  of  Drickamer  and  Bradford47  is  also  approximately  this  figure. 

In  the  absence  of  data  other  than  those  presented  above,  one  is  forced  to 

conclude  that  the  effect  of  the  solvent  on  the  efficiency  of  a  packing  in  a 

laboratory  column  is  slight.  In  commercial  equipment  the  effect  of  the 

solvent  is  either  slight  or  in  the  direction  of  the  viscosity-plate  efficiency 

correlation,47  where  decreasing  plate  efficiency  is  predicted  for  increasing 

viscosity  of  the  liquid  on  the  plate.  Additional  data  on  this  score  would  be 
desirable. 


7.  Typical  Industrial  Application  of  Extractive  Distillation 

Toluene  from  Petroleum,  Shell  Process.  The  recovery  of  toluene  from  a 
complex  petroleum  fraction  by  extractive  distillation  is  one  of  the  strike 
applications  of  this  process.  A  number  of  plants  were  producing  nitration 

SV  01  rri0n-gnK!e  toluene  in  this  manner  at  the  end  of  World  War  II 

Such  a  plant  operated  by  Pan  American  Refining  Corporation  at  Texas 

Clty >  Texas,  has  been  described  48  A  diaorn m  nf  +i, •  i  ,  .  ,  . 

, , rp  i q  Ti  .  ,  .  •  A  cuagiam  of  this  plant  is  shown  in  Fitr- 

42, 189  (1946) EaStman’  F°"le’  Porter-  and  Schutte,  Trans.  Am.  Inst.  Chem. 
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which  feed  the  narrow  boiling-range  fraction  continuously  to  the  toluene- 
recovery  tower.  The  toluene-recovery  tower  is  7  ft.  in  diameter  with  65 
trays,  while  the  stripper  is  4  ft.  in  diameter  with  30  trays.  Toluene  of  99.4 
mole  per  cent  purity  was  produced  from  a  feed  containing  63.4  mole  per 
cent,  with  phenol  as  the  solvent. 


III.  AZEOTROPIC  DISTILLATION 

In  azeotropic  distillation  a  solvent  is  selected  which  forms  a  constant¬ 
boiling  mixture,  or  azeotrope,  with  one  or  more  of  the  components  in  the 
feed.  The  solvent  is  generally  added  with  the  feed  to  the  column.  Either 
minimum-boiling  or  maximum-boiling  azeotropes  may  be  obtained,  but 
Lecat  in  his  first  compilation  of  several  thousand  azeotropes  found  less 
than  10%  formed  maximum  constant-boiling  mixtures.50  For  this  reason, 
discussion  in  the  following  pages  will  be  in  terms  of  minimum  constant- 
boiling  mixtures  which  are  obtained  as  distillate. 

>0  Lecat,  La  tension  de  vapeur  des  flanges  de  liquides .  U Aztolropisme.  Lamertin, 
Brussels,  1918. 
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1.  Scope 

The  application  of  azeotropic  distillation,  like  that  of  extractive  distilla¬ 
tion,  is  usually  limited  to  close-boiling  mixtures  not  readily  separable  by 
conventional  efficient  fractional  distillation.  A  concentrate  prepared  by 
efficient  fractional  distillation  often  can  be  further  separated  by  an  azeo¬ 
tropic  distillation  in  the  presence  of  a  component  which  forms  a  minimum 
or  maximum  constant-boiling  mixture  with  one  of  the  materials  to  be  sepa¬ 
rated.  In  general,  the  mixture  to  be  separated  will  boil  over  a  temperature 
range  of  less  than  20  °C.  and  may  even  itself  be  an  azeotrope. 

2.  Theory 

Azeotropes  exist  in  solution  because  of  molecular  dissimilarity  of  the 
components  of  the  mixture.  In  binary  mixtures  exhibiting  minimum¬ 
boiling  azeotropes,  a  lack  of  compatibility  is  evident  in  view  of  the  large 


VAPOR  PRESSURE  OF  A  +  B 


Id 

Ct 

D 

V) 

(/) 

Id 

<r 

a 


VAPOR  PRESSURE  OF  A 


VAPOR  PRESSURE  OF  B 


0  1.0 

MOLE  FRACTION  OF  A 

Fig.  14.  Vapor  pressure  -  composition  relationships  for 
completely  immiscible  binary  mixture. 

positive  deviation  from  Raoult’s  law.  The  ultimate  in  incompatibility  is 
hmvn  by  completely  immiscible  liquids.  When  present  in  the  same  veL 
and  boiled,  each  exlnbits  its  own  vapor  pressure  and  a  vapor  of  constan 
composition  is  obtained.  The  distillate  from  a  system  such  n  •  t n  v  V 
deBned  as  a  heterogeneous  azeotrope.  Figure  14  shows  t he  v  ^  *“*  b*en 
relationships  in  a  binary  mixture  of  this' '"yp  The vaLrT'P“, 

pure  A  and  pure  B  are  shown  as  dotted  horizontal  lines  The  vIno'^ 
sure  above  the  solution,  as  long  as  two  liquid  phases  are  presentZheZ' 
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of  the  two  vapor  pressures  as  shown  by  the  solid  horizontal  line.  The 
composition  ratio  oi  the  vapor  equals  the  ratio  of  the  vapor  pressures.  The 
boiling  temperature  of  this  system  at  any  pressure  is  constant.  This  can  be 
seen  from  the  phase  rule: 


P  +  V  =  C  +  2 


where  P  =  3  phases  (2  liquid,  1  vapor),  C  =  2  components,  A  and  B,  and 
7=1  degree  of  freedom,  which  in  this  case  is  pressure,  fixed  at  one  at¬ 
mosphere.  Hydrocarbons  and  water  are  good  illustrations  of  mutually 
incompatible  components.  Azeotropic  distillation  of  this  type  is  fre¬ 
quently  used  both  in  the  laboratory  and  in  industry,  and  has  been  given 
the  special  name  of  “steam  distillation.” 

An  intermediate  case  of  incompatibility  is  the  system  n-butanol-water. 
Two  liquid  phases  exist  at  the  boiling  point  when  the  over-all  composition 
of  the  liquid  is  between  65  and  97  mole  per  cent  water.  Under  these  con¬ 
ditions  one  layer  is  rich  in  n-butanol  while  the  other  layer  is  rich  in  water. 
The  vapors  evolved  when  two  phases  are  present  are  of  a  constant  composi¬ 
tion. 

In  contrast  with  the  lack  of  mutual  compatibility  which  results  in  mini¬ 
mum-boiling  azeotropes  is  the  case  of  high  compatibility,  which  results  in 
maximum-boiling  azeotropes.  One  of  the  best  known  examples  is  the 
system  hydrogen  chloride-water.  Hydrogen  chloride,  normally  a  gas,  is 
very  soluble  in  water  and  forms  a  maximum  constant-boiling  mixture  con¬ 
taining  11.1  mole  per  cent  hydrogen  chloride  (20.2  weight  per  cent)  boiling 


at  110°C. 

An  azeotrope  is  not  necessarily  a  definite  chemical  compound  although  it 
is  frequently  treated  as  one.  This  was  demonstrated  in  1861  by  Roscoe,51 
who  showed  that  the  composition  of  the  azeotrope  varied  with  the  pressure 
at  which  the  distillation  was  carried  out,  and  was  further  verified  by  the 
work  of  Merriman52  on  the  system  ethanol-water,  data  from  which  are  re¬ 
produced  in  Table  X.  It  will  be  noted  that  no  azeotrope  exists  at  distilla¬ 
tion  pressures  below  70  mm.  of  mercury.  The  manner  in  which  azeotropic 
composition  is  influenced  by  pressure  will  vary  depending  upon  the  slopes 
of  the  vapor-pressure  curves  of  the  individual  components  of  the  mixture. 
Britton  and  co-workers63  have  found  that,  in  methanol-ketone  systems 
which  normally  form  azeotropes,  the  azeotrope  can  be  eliminated  by  in¬ 


creasing  the  pressure  on  the  system. 

The  existence  of  polycomponent  systems  showing  anomalous  distillation 

behavior  is  mentioned  only  briefly.  Their  occurrence,  however,  is  by  no 


61  Roscoe,  Trans.  Chem.  Soc.,  13,  146  ( 1861 );  15,  270  (1862). 

62  Merriman,  J.  Chem.  Soc.,  103,  628  (1913). 

6»  Britton,  Nutting,  and  Horsley,  Anal.  Chem.,  19,  601  (1.47). 
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TABLE  X 

Composition  op  Ethanol-Water  Azeotropes  at  Different  Pressures 


Boiling  point 

Pressure,  Water  in  for 

abs.,  azeotrope,  azeotropic 

mm.  Hg,  mole  per  cent  mixture,  °C. 


760.0 

4.4 

78.15 

404.6 

3.75 

63.04 

198.4 

2.7 

47.63 

129.7 

1.3 

39.20 

94.9 

0.5 

33.35 

70.0 

0.0 

— 

means  unusual.  The  investigation  of  such  systems  is  time  consuming  and, 
in  geneial,  undertaken  only  when  essential  to  the  solution  of  a  specific  prob¬ 
lem.  For  this  reason,  little  published  information  is  available.  Not  only 
are  ternary  azeotropes  quite  common  but,  even  in  the  absence  of  ternary 
azeotropes,  the  behavior  of  complex  systems  containing  binary  azeotropes 
may  be  quite  unpredictable.  It  is  not  within  the  scope  of  this  chapter  to 

include  any  extended  discussion  of  such  systems,  but  their  existence  should 
not  be  overlooked. 


3.  Selection  of  an  Entrainer 


A.  CHEMICAL  CONSIDERATIONS 

Ewell  el  al.‘ 4  have  published  an  interesting  approach  to  the  problem  of 
predicting  azeotrope  formation  based  on  the  concept  of  hydrogen  bonds 
The  dev, at, on  from  ideality  which  results  in  azeotropes  is  attributed  to 
hogen  bonds  or  internal  pressure,  the  former  being  the  more  important 
The  hydrogen-bond  concept  is  stated  as  follows:  “Hydrogen  caTcoord  ' 


Strong 

o  —  HO 
N  —  HO 
O  —  HN 


N 

O 

N 


54  F]we*ll,  Harrison,  and  Bern-  r»,/  m. 

L,  ina.  Eng.  them.,  36,  871  (1944). 


Weak 

-  HN 

fHCCl2 

-  J  HCC1 — CC1 

HCN02 

HCCN 
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Using  this  classification,  organic  liquids  have  been  arranged  into  the  five 
groups  given  below:54 

“Class  I — Liquids  capable  of  forming  three  dimensional  net-works  of  strong  hy¬ 
drogen  bonds. 

“Class  II — Other  liquids  composed  of  molecules  containing  both  active  hydrogen 
atoms  and  donor  atoms  (oxygen,  nitrogen,  fluorine). 

“Class  III — Liquids  composed  of  molecules  containing  donor  atoms  but  no  ac¬ 
tive  hydrogen  atoms. 

“Class  IV — Liquids  composed  of  molecules  containing  active  hydrogen  atoms 
but  no  donor  atoms.  These  are  molecules  having  two  or  three  chlorine  atoms  on 
the  same  carbon  as  a  hydrogen  atom,  or  one  chlorine  on  the  same  carbon  atom  and 
one  or  more  chlorine  atoms  on  adjacent  carbon  atoms. 

“Class  V — All  other  liquids,  i.e.,  liquids  having  no  hydrogen  bond  forming  capa¬ 
bilities.” 

Typical  examples  of  liquids  falling  into  the  above  classification  are  given 
in  Table  XI. 


Class  I 


Water 
Glycol 
Glycerol 
Amine  alco¬ 
hols 

Hydroxyl- 

amine 

Hydroxy 

acids 

Polyphenols 

Amides 


TABLE  XI 

Examples  of  Liquids  of  Various  Classifications 


Class  II  Class  III  Class  IV 


Alcohols 
Acids 
Phenols 
Primary 
amines 
Secondary 
amines 
Oximes 
Hydrazine 
Hydrogen 
fluoride 
Hydrogen 
cyanide 
Nitro  com¬ 
pounds 
with  a  H 
atoms 

Nitriles  with 
a  H  atoms 


Ethers 
Ketones 
Aldehydes 
Esters 
Tertiary 
amines 
Nitro  com¬ 
pounds  no 
a  H  atoms 
Nitriles  with 
no  a  H 
atoms 


CHCb 

CH2C12 

CH3CHC12 

CH,C1CH2C1 

CH,C1CHC1CH2C1 

ch2cichci2 


Class  V 

Hydrocarbons 

Carbon  disulfide 

Mercaptans 

Iodine 

Phosphorus 

Sulfur 

Halohydrocarbons 
not  in  Class  IV 


From  the  above  five  classifications  Ewell  el  o(.«  have  predicted  deviations 

from  Raoult’s  law  for  mixtures  of  members  of  the  various  classes-  For 

positive  deviations  the  vapor  pressure  above  the  solution  is  greater  tha 

predicted  from  Raoult’s  law,  and  if  it  reaches  a  maximum  a  minimum- 
predicted  irom  ix*  ,  This  information  is  sum- 

boiling  azeotrope  exists  (see  1  ig.  22  and  i  ). 

marized  in  Table  XII.  In  the  last  grouping  of  classes  in  this  table, 
“dell  systems  may  form  azeotropes  if  the  boiling  points  of  the  com- 
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ponents  are  very  close  to  each  other.  Maximum  azeotropes  have  been 
classified  as  follows:64 

“1.  Water  with  strong  acids — e.g.,  water  with  HC1,  HBr,  HI,  HNO3. 

“2.  Water  with  certain  associated  liquids — e.g.,  water  with  formic  acid,  hydrazine, 
ethylenediamine. 

“3.  Donor  liquids  (Class  III)  with  nonassociated  liquids,  e.g.,  acetone  -j-  chloro¬ 
form;  cyclohexanone  +  bromoform;  butyl  acetate  -f  1,2,2-trichloropropane. 

“4.  Organic  acids  with  amines— e.g.,  acetic  acid  +  triethylamine ;  propionic 
acid  -f  pyridine. 

“5.  Phenols  with  amines — e.g.,  phenol  -j-  aniline,  o-cresol  +  diinethylaniline. 

“6.  Organic  acids  with  donor  liquids  containing  oxygen — e.g.,  formic  acid  + 
diethyl  ketone;  butyric  acid  +  cyclohexanone. 

“7.  Phenols  with  donor  liquids  containing  oxygen — e.g.,  phenol  +  methyl- 
hexylketone,  o-cresol  +  ethyloxalate. 

8.  Phenols  with  alcohols  e.g.,  phenol  -f-  w-octanol;  o-cresol  -(-  glycol. 
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V  j  Quasi-ideal  systems,  always  pos.  No  H  bonds  involved  Acetone -n-hexane,  min.  azeotrope 

4-  IV  dev.  or  ideal;  azeotropes,  if  any, 

_l_  y  will  be  minimum  Benzene-cyclohexane,  min.  azeo- 

_l_  y  trope 
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For  ease  of  discussion,  the  separation  of  a  binary  mixture  will  be  con¬ 
sidered  although  the  principles  involved  apply  equally  to  multicomponent 
mixtures.  An  important  factor  in  the  selection  of  an  auxiliary  agent  is 
that  it  must  have  a  boiling  point  relatively  close  to  that  of  the  material  to 
be  separated,  if  a  reasonable  difference  in  boiling  point  between  the  azeo¬ 
trope  and  the  other  constituents  of  the  mixture  is  to  be  realized.  (There 
are  notable  exceptions  to  this  rule,  such  as  hydrogen  chloride,  b.p.  —  83.7  °C., 
and  water,  which  form  an  azeotrope  boiling  at  110°C.)  This  is  illus¬ 
trated  in  Figure  15  by  data  for  binary  azeotropes  of  paraffin  hydrocarbons 
with  methanol  and  ethanol.  The  difference  between  the  boiling  points  of 
the  hydrocarbon  and  alcohol  is  given  on  the  abscissa  while  the  difference 
between  the  boiling  points  of  the  minimum  boiling  azeotrope  and  the  near¬ 
est-boiling  constituent  of  the  mixture  is  shown  as  the  ordinate.  It  will 
be  noted  that  a  maximum  boiling-point  depression  of  16  °C.  is  obtained 
when  there  is  no  difference  between  the  boiling  points  of  alcohol  and  hydro¬ 
carbon.  The  depression  decreases  rapidly  as  the  difference  between  the 
boiling  points  of  alcohol  and  hydrocarbon  increases. 

As  a  rule  auxiliary  agents  are  used  which  boil  within  0  to  30  °C.  of  the 
material  to  be  separated.  For  paraffin  hydrocarbons,  with  methanol  or 
ethanol  boiling  30 °C.  from  the  hydrocarbon,  a  5°  lowering  of  boiling  point 
for  the  azeotrope  should  be  realized.  Different  mixtures  vary  in  the  boil¬ 
ing-point  depression  realized  with  various  entrainers.  Curves  similar  to 
the  one  in  Figure  15  have  been  published  for  a  number  of  systems.56 


B.  SELECTIVE  AND  NONSELECTIVE  ENTRAINING  AGENTS 

In  the  separation  of  a  binary  mixture  an  auxiliary  agent  is  desirable 
which  forms  an  azeotrope  with  only  one  of  the  constituents.  Such  an 
auxiliary  agent  is  called  a  “selective”  azeotrope  former  or  entrainer  En- 
trainers  of  this  type  are  commonly  used  in  processes  in  which  heterogeneous 
azeotropes^are  formed,  e.g.,  in  the  dehydration  of  aqueous  acetic  arid  wi  h 
diethyl  ether”  as  the  entrainer.  Water  and  entrainer  “steam  distil”  as 

recycled1 a^reflux’  ™in8  ^  ph"“  COndensin*  entrainer  is 

r more  — • 

£"  t  SXfeS  0f  “  hydrocarbons^ 

hydrocarbons.  The  SfferencT^brilhig^print  ^he^aTeY'111  ™°™tic 
hydrocarbons  of  the  same  boiling 

56  Horsley,  Anal.  Chem.,  19,  G03  (1947) 

*’  0thmer’  7W-  Am-  Chem.  Engrs.,  30,  299  (1933,. 
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the  latter.  Mair  et  al.™  used  this  fact  to  isolate  pure  hydrocarbons  from  a 
straight-run  (uncracked)  petroleum  naphtha,  as  illustrated  by  Figure  16, 
taken  from  their  work.  Both  vapor  and  liquid  composition  curves  are 
shown  with  the  constant-boiling  mixture  at  50  mole  per  cent  entrainer. 
A  petroleum  fraction  boiling  at  110.0  to  110.5 °C.  and  containing  paraffins 
and  naphthenes  was  mixed  with  toluene,  which  boils  at  110.6.  Using 


MOLE  FRACTION  AZEOTROPE 
FORMING  AGENT 

Fig.  16.  Relation  between  boiling  points  of  azeotropes  of  various 
types  of  hydrocarbons  having  the  same  boiling  point  in  the  pure 
state,  with  the  same  entrainer.68  A,  aromatic  hydrocarbon ;  N , 
naphthene  hydrocarbon;  P,  paraffin  hydrocarbon.  Pressure,  1 
atmosphere. 

acetonitrile  as  an  entrainer,  an  almost  quantitative  separation  of  toluene 
from  naphthenes  and  paraffins  was  obtained,  and  likewise  a  considerable, 
though  not  quantitative,  separation  between  the  latter. 


c.  DESIRABLE  CHARACTERISTICS  OF  AZEOTROPE  FORMERS 

The  difference  in  boiling  point  caused  by  the  addition  of  the  entrainer 
should  not  be  the  sole  criterion  for  its  selection  since  the  separation  is  fre¬ 
quently  much  more  complete  than  can  be  expected  solely  from  that  differ¬ 
ence.  This  means  that  the  spread  between  the  compositions  of  vapor  an 
liquid  is  much  greater  than  that  of  an  ideal  solution  with  the  same  differ¬ 
ences  in  the  boiling  points  of  the  components.  Since  we  are  dealing  with 
highly  nonideal  systems  this  is  not  surprising. 

Mair,  Glasgow,  Jr.,  and  Rossini,  J.  Research  Natl.  Bur.  Standards,  27, 39  (1941). 
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For  minimum-boiling  azeotropes,  the  ratio  ot  desired  component  and 
entrainer  in  the  azeotrope  is  important.  In  general,  particularly  in  indus- 


UJ 


BOILING-POINT  DIFFERENCE  BETWEEN  HYDROCARBON  AND  ALCOHOL,  *C. 

Fig.  17.  Effect  of  boiling-point  difference  between  ethanol  and  hydrocarbon  on  the 
concentration  of  hydrocarbon  in  the  azeotrope. 
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Iii  laboratory  azeotropic  separations  in  batch  fractional  distillation  an¬ 
other  consideration  becomes  important,  namely,  the  concentration  and  the 
amount  of  the  desired  component  in  the  distilland  and  the  column  holdup. 
If  the  amount  of  the  component  is  small  relative  to  the  column  holdup, 
an  entrainer  which  forms  a  constant-boiling  mixture  containing  a  large 
proportion  of  entrainer  should  be  selected.  This  requires  an  entrainer 
which  boils  lower  than  the  component  to  be  isolated.  The  effect  of  the 
boiling-point  difference  between  ethanol  and  hydrocarbons  on  the  concen¬ 
tration  of  the  azeotrope  is  shown  in  Figure  17.  If  the  hydrocarbon  is  the 
low-boiling  material  it  forms  the  major  part  of  the  azeotrope.  The  propor¬ 
tion  decreases  as  the  boiling  point  of  the  hydrocarbon  approaches  the  boil¬ 
ing  point  of  the  alcohol  and  if  both  have  the  same  boiling  point  the  azeo¬ 
trope  contains  70  weight  per  cent  hydrocarbon  (55  mole  per  cent  of  the 
hydrocarbon).  It  the  alcohol  is  the  low-boiling  material  it  forms  the  major 
part  of  the  azeotrope.  Figure  18  shows  a  similar  curve  for  the  benzene- 
hydrocarbon  azeotropes.  It  will  be  noted  that  these  exist  over  a  much 
narrower  temperature  range. 

The  ease  of  removal  of  the  entrainer  from  the  azeotrope  is  very  important 
since  azeotropic  distillation  resolves  a  difficultly  separable  solution  by  the 
formation  of  a  constant-boiling  mixture  which  in  turn  cannot  be  separated 
by  distillation.  The  azeotrope  can  be  separated  in  a  number  of  ways, 
however,  such  as: 


(a)  Phase  separation  on  cooling. 

( b )  Phase  separation  by  “salting  out.” 

(c)  Chemical  removal  of  entrainer. 

( d )  Solvent  extraction  or  water  washing. 

(e)  Second  azeotropic  distillation. 


The  most  desirable  case  is  that  in  which  the  azeotrope,  on  cooling,  sepa¬ 
rates  into  two  layers,  one  rich  in  entrainer,  which  is  refluxed  to  the  fractional- 
distillation  column,  and  the  other  rich  in  desired  component,  which  is  with¬ 
drawn.  The  latter  is  then  subjected  to  a  second  fractional  distillation  to 
remove  residual  entrainer  as  the  azeotrope.  For  a  minimum  azeotrope  this 
operation  will  leave  pure  product  in  the  still.  In  industrial  practice  the 
phase  separation  mentioned  above  is  essential  for  a  successful  application  of 
azeotropic  distillation.  Examples  of  such  processes  are  the  production  of 
anhydrous  ethanol  using  benzene,  trichloroethylene,  or  cyclohexane  as  the 
entrainer,59  and  the  dehydration  of  acetic  acid  with  ethers  or  esters.60 


59  Guinot  and  Clark,  Trans.  Inst.  Chem.  Engrs.  London,  16,  189  (1933).  Keyes,  I  ml 
Eng.  Chem.,  21,  998  (1929).  Colburn  and  Phillips,  Trans.  Am.  Inst.  Chem.  Engrs.,  40, 

333  (1944). 

•o  Othmer,  Trans.  Am.  Inst.  Chem.  Engrs.,  30,  299  (1933). 
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Frequently,  the  addition  of  another  component  causes  separation  of  the 
entrainer.  For  example,  the  binary  azeotrope  methyl  ethyl  ketone  and 
water,  which  shows  no  natural  separation  into  two  layers,  separates  into  a 
water-rich  and  a  water-poor  layer  upon  addition  of  a  small  amount  of  a 


suitable  light  hydrocarbon.  In  a  similar  manner  the  addition  of  salts 
such  as  sodium  or  calcium  chloride  will  frequently  cause  phase  separation 
by  “salting  out.” 

Phase  separation  can  sometimes  be  induced  by  the  addition  of  an  excess 
of  one  of  the  constituents  of  the  azeotrope.  For  example,  the  ternary 
azeotrope  ethyl  acetate-ethanol -water  is  a  homogeneous  liquid  at  room 
temperature.  The  addition  of  excess  water  will  give  two  layers,  one  essen¬ 
tially  water-ethyl  acetate  and  the  other  ethanol-water  saturated  with  ethyl 
acetate.  The  water-ethyl  acetate  layer  at  room  temperature  contains 
half  as  much  water  as  the  binary  azeotrope;  hence  on  distillation  water- 
free  ethyl  acetate  will  be  obtained  as  residue,  with  water  being  removed 
as  the  low-boiling  binary  azeotrope. 

In  laboratory  work  when  recovery  for  reuse  of  the  entrainer  is  not  essen¬ 
tial,  its  chemical  removal  is  often  possible.  For  example,  in  the  azeotropic 
fractional  distillation  of  hydrocarbons  with  organic  acids,  the  latter  can  be 


removed  by  washing  with  alkali,  and  amines  such  as  aniline  can  be  removed 
with  mineral  acids.  If  water  is  a  component  of  the  azeotrope  it  can  be 
removed  by  suitable  drying  agents.  In  fact  the  lime  distillation  process 
used  in  Germany  prior  to  the  development  of  the  Keyes  process  for  the 
manufacture  ol  anhydrous  ethanol  was  an  application  of  this  principle  for 
breaking  the  water-alcohol  azeotrope. 

In  some  cases  liquid-liquid  extraction  will  be  found  more  suitable  for 
the  removal  ot  the  entrainer.  In  the  commercial  isolation  of  toluene  from 
petroleum  by  azeotropic  distillation  with  the  methyl  ethyl  ketone- water 
azeotrope  as  entrainer  for  the  nonaromatic  constituents,  the  entrainer  is 
recovered  by  liquid-liquid  extraction  with  water.61  The  water  phase  is 
then  fractionated  to  obtain  the  methyl  ethyl  ketone-water  azeotrope  '  In 
other  cases  liquid-liquid  extraction  of  the  azeotrope  with  diethyl  ether  mav 
remove  the  entrainer.  In  the  laboratory  the  removal  of  entrainer  from 
hydrocarbons  by  extraction  with  water  can  be  carried  out  in  separatory 

d  nectsary  ^  a"d  the  -‘action  rep^S 

Another  method  for  separating  the  azeotrope  is  to  subject  it  to  a  second 
azeotropic  distillation  with  a  different  entrainer  form  ,,g  an  azeotrope 
from  which  it  can  be  recovered  more  easily  azeotrope 

In  addition  to  forming  an  azeotrope  from  which  the  desired  compound  is 

bak e,  Trans.  Am.  Inst.  Chem.  Engrs  41  327  TT  +i  n 

24,519  (1945).  9  ’’ 41»  427  (1945).  Hartley,  Petroleum  Refiner, 
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readily  recovered  an  entrainer  should  preferably  have  several  other  desir¬ 
able  characteristics.  In  order  to  be  easily  handled  it  should  be  noncorro¬ 
sive,  nontoxic,  and  stable  to  light  and  heat.  It  should  be  cheap  and  readily 
available. 

As  mentioned  above  it  is  desirable,  but  not  essential  in  laboratory  work, 
that  phase  separation  of  the  azeotrope  occur  on  cooling.  For  hydrocarbon 
separations  solubility  of  the  entrainer  in  water  is  desirable. 

For  industrial  use  low  latent  heat  and  high  ratio  of  product  to  entrainer 
are  important.  The  latter  point  has  been  discussed  above  from  a  labora¬ 
tory  viewpoint.  The  thermal  efficiency  of  an  entrainer  affects  directly 
the  operating  costs.  An  entrainer  of  higher  thermal  efficiency  carries  over¬ 
head  a  greater  amount  of  product  for  a  given  heat  input  to  the  still.  Ac¬ 
cording  to  Othmer,60  in  the  dehydration  of  acetic  acid  with  isopropyl  ether, 
1425  calories  of  heat  are  required  to  vaporize  the  ether  in  order  to  remove 
one  gram  of  water,  while  the  similar  process  with  ethylene  chloride  requires 
only  920  calories.  These  heat  quantities  are  in  addition  to  the  540  calories 
needed  in  each  case  to  vaporize  one  gram  of  water. 


D.  SUMMARY 

The  discussion  on  page  359  and  a  study  of  the  available  tables  of  azeo¬ 
tropes  will  indicate  the  chemical  types  which  form  azeotropes  with  the 
compounds  to  be  separated.  As  a  guide  for  further  selection  the  following 
general  rules  are  summarized: 

(a)  Select  an  entrainer  boiling  as  close  to  the  boiling  point  of  the  compound  to  he 
separated  as  possible  (see  Fig.  15). 

( b )  If  there  is  a  choice,  use  a  selective  entrainer  in  preference  to  a  nonselective 
entrainer. 

(c)  Choose  a  chemically  stable  and  heat-stable  entrainer.  If  any  doubt  exists, 
select  an  entrainer  whose  decomposition  products  will  not  contaminate  the  desired 

product. 

(d)  Other  factors  being  equal,  the  entrainer  with  the  greatest  ease  of  recovery 
should  be  selected.  Possible  recovery  methods  are  given  above. 


E. 


experimental  verification  of  effectiveness  of  an  entrainer 


Experimental  verification  of  the  effectiveness  of  an  entrainer  for  azeo¬ 
tropic  distillation  can  be  obtained  by  means  of  an  equilibrium  still  such  as 
that  described  on  page  327.  It  is  necessary  to  determine  the  vapor-liquid 
equilibrium  relationships  for  each  component  with  the  entrainer  to  estab¬ 
lish  whether  an  azeotrope  is  formed  with  either  or  both  components.  The 
difference  between  the  boiling  points  of  the  azeotrope  and  the  othe,  com¬ 
ponents  present  is  a  good  indication  of  the  ease  of  separation  of  the  mixture 
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with  the  azeotrope.  It  is  not  an  absolute  criterion,  as  mentioned  above, 
since  a  better  separation  is  frequently  realized  upon  distillation  than  would 
be  predicted  from  the  difference  between  the  boiling  points  of  the  azeotrope 


BOILING-POINT  DIFFERENCE,  °C. 

Fig.  19.  Relative  volatility  vs.  boiling-point  difference. 


Fig.  20.  Temperature  -  composition 
relationships  for  a  minimum  constant¬ 
boiling  mixture.  Constant  pressure. 


and  the  nearest-boiling  component. 
Matuszak  and  Frey62  on 
tanes,  with  sulfur  dioxide 

*2  Matuszak  and 


Fig.  21.  Temperature -composition 

relationships  for  a  maximum  constant¬ 
boiling  mixture.  Constant  pressure. 


^is  i,s  illustrated  by  the  data  of 
the  four-carbon  hydrocarbons,  butenes  and  bu- 
as  an  entrainer.  In  Figure  19  are  plotted  rela- 

Irey,  Ind.  Eng.  Chem.,  Anal.  Ed.,  9,  111  (1937). 
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tive  volatilities,  a,  calculated  from  experimentally  determined  vapor  pres¬ 
sures  of  the  azeotropes  as  a  function  of  the  difference  in  boiling  points  of 
the  azeotropes.  It  will  be  noted  that  the  relative  volatilities  lie  appreci¬ 
ably  above  those  for  an  ideal  solution  with  the  same  difference  in  boiling 
point  of  its  constituents. 

A  quick  experimental  technique  used  by  early  investigators  of  azeotrop- 
ism  was  to  determine  the  boiling  point  of  a  binary  mixture  at  various  con¬ 
centrations  of  one  component  in  the  other.  A  minimum  or  maximum  in  the 
boiling-point-composition  curve  of  the  mixture  was  taken  as  proof  of  the 
existence  ot  an  azeotrope.  I  his  technique  is  subject  to  considerable  error 


Fig.  22.  Vaoor-pressure  -  composi¬ 
tion  relationships  for  a  binary  mixture 
with  a  minimum  constant-boiling  mix¬ 
ture.  Constant  temperature. 


Fig.  23.  Vapor-pressure  -  composi¬ 
tion  relationships  for  a  binary  mixture 
with  a  maximum  constant-boiling  mix¬ 
ture.  Constant  temperature. 


for  azeotropes  boiling  close  to  one  of  the  pure  components.  Figure  20 
shows  a  boiling-point-composition  curve  for  a  binary  mixture  of  A  and  R. 
The  curve  for  the  liquid  goes  through  a  minimum  at  1  indicating  a  mini¬ 
mum  boiling  azeotrope  at  this  temperature  and  composition.  Similar 
curves  are  given  in  Figure  21,  which  shows  a  maximum-boiling  azeotrope 

at  Z. 

Another  rapid  experimental  technique  is  the  determination  of  the  vapor 
pressure  of  mixtures  of  the  two  components  at  a  constant  temperature. 
A  maximum  in  the  vapor-pressure  curve  of  the  binary  mixture  is  indicative 
of  a  minimum-boiling  azeotrope,  while  a  minimum  in  the  vapor-pressure 
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curve  of  the  binary  mixture  is  indicative  of  a  maximum  constant-boiling 
mixture.  In  Figures  22  and  23  are  plotted  typical  curves  of  the  former  and 
latter  type,  respectively.  The  straight  lines  in  each  figure  aie  the  paitial 
pressures  of  each  component  of  the  solution  calculated  fiom  Raoult  s  lav. 
The  sum  of  the  ordinates  of  these  two  lines,  shown  dotted  and  designated 
as  A  +  B,  is  the  vapor  pressure  of  the  mixture  predicted  from  Raoult’s 
law.  The  actual  vapor-pressure  curve  of  the  mixture  in  Figure  22  shows  a 
maximum  at  Z,  while  in  Figure  23  the  vapor-pressure  curve  of  the  binary 
mixture  shows  a  minimum  at  Z.  Positive  (or  negative)  deviations  from 
Raoult’s  law  are  frequently  observed  for  binary  mixtures.  Figure  24 


I'  ig.  24.  Vapor  pressure  -  composition  relationships  for  a 
binary  mixture  exhibiting  positive  deviation  from  Raoult’s  law. 


shows  a  typical  example  of  positive  deviations  without  an  azeotrope  as  the 
difference  between  the  dotted  line  A  +  B  and  the  curved  line.  Positive 
deviation  from  Raoult’s  law  is  not  in  itself  proof  of  azeotrope  formation 
vhich  requires  that  the  vapor-pressure  curve  go  through  a  maximum.  De- 
ermi nation  of  vapor  pressure  as  a  test  for  azeotropism  like  the  determina¬ 
tion  of  boiling  points  becomes  difficult  for  azeotropes  boiling  close  to  the 
boiling  point  of  one  of  the  pure  components  of  the  mixture 

easier^  SHT  T*  “  ‘’.‘“T*  ^  *  given  entrainer-  *  *  frequently 

azeotroDi(  s,  n!,  amer  ,°  ®  m,xture  and  to  carry  out  a  fractional 

eo tropic  distillation  m  a  column  of  known  separating  power  than  to  de 

termine  the  fundamental  vapor-liquid  equilibria.  The  effect  of  the  on 

trainer  on  the  separation  of  the  mixture  will  he  readily  observed 
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4.  Laboratory  Apparatus  and  Procedure  for  Azeotropic  Distillation 

A.  BATCH  DISTILLATION 

Azeotropic  distillation  has  been  used  extensively  in  laboratory  work  be- 
cause  of  its  ease  of  application.  Using  conventional  batch  fractional-dis¬ 
tillation  equipment,  entrainer  in  sufficient  quantity  or  in  excess  is  added  to 
the  still  with  the  mixture  to  be  separated.  A  regular  analytical  distillation 
is  then  carried  out  taking  distillate  fractions  representing  1  or  2%  of  the 
charge.  After  removal  of  the  entrainer  from  the  distillate  the  usual  physi¬ 
cal  measurements  such  as  refractive  index  and  density  or  boiling  point  can 
be  made  to  determine  the  degree  of  purity  of  the  entrainer-free  cuts.  A 
plot  of  vapor  temperature  at  the  still  head  versus  volume  per  cent  of  charge 
distilled  will  give  a  good  indication  of  the  cut  point  between  different  azeo¬ 
tropes  and  excess  entrainer.  Conventional  laboratory  distillation  col¬ 
umns  suitable  for  this  work  have  been  described  in  Chapter  II. 

For  those  distillations  in  which  the  entrainer  forms  a  separate  phase  in 
the  distillate  on  cooling,  care  must  be  exercised  in  selecting  the  type  of 
column  head  to  be  used.  Reflux  condensers  with  little  liquid  holdup  and 
with  provision  for  intermittent  take-off  of  total  distillate  are  preferred. 
In  this  way  both  liquid  layers  will  be  obtained  as  product.  Examples  of 
such  column  heads  are  the  swinging-funnel,  liquid-dividing  type  and  the 
vapor-dividing  head  shown  in  Chapter  II.  If,  on  cooling,  the  entrainer  is 
concentrated  in  the  upper  layer,  the  simple  still  head  (exclusive  of  funnel) 
shown  in  Figure  8  may  be  used.  The  lower  layer,  in  which  the  product 
will  be  concentrated,  is  withdrawn  through  stopcock  E.  When  the  reverse 
case  obtains,  still  heads  of  this  kind  should  be  avoided. 

Continuous  separation  of  distillate  phases  with  return  of  one  phase  to 
the  column  can  be  carried  out  automatically  with  the  aid  of  a  decanter  and 
auxiliaries  such  as  those  shown  in  Figure  25.  In  order  to  return  one  phase 
to  the  column  by  gravity  flow,  an  extension  approximately  17  in.  long  is 
added  to  the  top  of  the  column  to  deliver  the  distillate  vapors  to  an  elevated 
condenser.  The  complete  arrangement  is  shown  in  Figure  25  with  alter¬ 
nate  arrangements  in  Figures  26  and  27 .  The  vapor  delivery  line  is  usually 
the  same  diameter  as  the  column  and  is  insulated  or  heated  by  electrical 
windings  to  prevent  excessive  refluxing.  Provision  must  be  made  to  vent 
the  column  as  well  as  each  decanter  phase,  which  in  the  case  of  atmospheric- 
pressure  distillation  may  be  directly,  to  the  atmosphere.  These  vent 
points  are  designated  as  A,  B,  and  C,  respectively,  in  Figures  26  and  27. 
Typical  decanter  dimensions  are  15  cm.  long  X  2.5  cm.  O.D.  (6  in.  X  l  in.), 
the  delivery  and  overflow  tubes  being  usually  8-10  mm.  O.D.  (Graduated 
separatory  funnels  of  125-  and  250-ml.  size  have  been  converted  into  de¬ 
canters  by  the  addition  of  a  side  arm  near  the  top.)  The  mterfacial  level 
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Fig.  25.  Continuous  decanter 


f'ig.  26.  Alternate  arrangement  for 
setup  in  Figure  25. 


and  distillation  column. 


*i&-  27.  Another  alternate  arrange 
ment  for  Figure  25 
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in  decanter  D  is  determined  by  the  difference  in  density  of  the  two  phases 
and  the  location  of  overflow  point  C.  The  latter  can  easily  be  adjusted  if 
flexible  tubing  such  as  Tygon,  Saran,  neoprene,  Paracril,  or  rubber  is  con¬ 
nected  at  point  F  and  C.  A  glass  Y-  or  T-tube  is  used  for  convenience  at 
point  C.  When  the  material  being  handled  attacks  flexible  connections  of 
the  type  mentioned  above  so  that  all-glass  or  metal  connections  are  neces¬ 
sary,  semispherical  ball  joints  at  F,  C,  and  G  will  permit  adjustment  of  the 
level  of  C.  Glass  decanters  or  separators  are  preferred  since  the  level  of 
the  interface  can  readily  be  observed. 

In  Figure  25  the  lower  distillate  phase  is  being  returned  through  the 
thermometer  well  of  a  vapor-dividing  head  from  which  the  valve  rod  and 
condenser  have  been  removed.  A  column-feed  section  can  also  be  used. 
Both  these  pieces  of  equipment  can  be  purchased  from  commercial  glass 
blowers  as  stock  items.  The  loop  in  the  return  line  at  G  provides  a  liquid 
seal  so  that  vapors  from  the  column  cannot  by-pass  the  condenser  and  es¬ 
cape  into  the  atmosphere. 

In  Figure  26  the  decanter  is  attached  to  a  laboratory  column  of  the  type 
described  in  Figure  8  but  from  which  the  vent  and  product  draw-off  have 
been  removed.  The  lower  phase  is  being  returned  through  the  thermometer 
well  at  H. 


Obviously,  either  the  upper  or  lower  phase  may  be  returned  to  the 
column.  In  Figure  27  the  upper  phase  is  being  recycled.  Note  that  this 
line  is  vented  at  point  B  to  permit  proper  operation  of  the  decanter.  The 
returning  phase  in  this  case  is  introduced  through  the  vapor  deli\ei\  tube. 

Frequently,  phase  separation  of  the  distillate  does  not  occur  except 
after  considerable  cooling.  In  such  cases,  it  is  often  preferable  to  operate 
the  condenser  so  as  to  cause  liquefaction  but  not  phase  sepaiation.  The 
distillate,  withdrawn  while  warm,  will  separate  into  two  phases  on  further 
cooling.  In  more  elaborate  arrangements,  two  condensers  are  used,  the 
first  for  reflux  condensation,  the  second  for  phase  separation  of  the  product 

and  recycling  of  the  entrainer  phase. 

Steam  Distillation.  One  very  common  form  of  azeotropic  distillation 

is  steam  distillation.  It  is  widely  used  in  organic  laboratory  work,  par¬ 
ticularly  when  dealing  with  heat-sensitive  materials.  It  is  used  for  the 
distillation  or  purification  of  water-immiscible  or  slightly  water-miscible 
materials  such  as  aniline,  glycerol,  or  fatty  acids  from  cottonseed  foofi^ 
It  was  pointed  out  in  the  discussion  of  the  theory  of  azeotropic  distillation 
that  when  two  immiscible  liquids  are  distilled  and  are  present  as  separate_ 
liquid  phases,  each  liquid  will  exert  its  own  vapor  pressure  independent  of 
the  other  so  that  the  total  pressure  above  the  boiling  solution  is  the ^sumof 
the  individual  vapor  pressures.  Thus,  in  steam  distillation  with  a  water 
phase  present,  the  distillation  temperature  will  never  exceed  the  boiling 
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point  of  water  at  the  pressure,  usually  atmospheric,  at  which  the  distillation 
is  conducted.  The  approximate  boiling  temperature  can  be  calculated 
by  employing  this  principle  if  the  vapor-pressure  data  are  known. 

For  example,  if  the  vapor-pressure  curves  of  toluene  and  water  are 
plotted  as  log  p  vs.  1/T°K,  straight  lines  are  obtained.  Adding  vapor- 
pressure  readings  at  several  different  temperatures  and  plotting  these 
points  will  also  result  in  a  straight  line.  Where  this  line  crosses  the  760- 
mm.  pressure  ordinate  will  be  the  predicted  boiling  point.  This  intersec¬ 
tion  occurs  at  84.4  °C.,  at  which  temperature  the  vapor  pressure  of  toluene 
is  337  and  that  of  water  is  423  mm.  of  mercury.  The  azeotropic  boiling- 
point  reported  by  Lange63  is  84.1  °C. 

The  molal  composition  of  the  distillate  can  be  calculated  from  the  above 
vapor  pressures.  The  weight  ratio  of  the  two  components  in  the  distillate 
is  given  by  the  following  equation : 

WA/WB  =  (PaMa)/(PbMb)  (18) 

where  A  refers  to  the  upper-phase  material,  in  this  case  toluene,  and  B 
refers  to  the  lower-phase  material,  water.  W,  P,  and  M  are  weight,  vapor 
pressure  at  distillation  temperature,  and  molecular  weight,  respectively. 
Substituting  the  vapor  pressures  given  above  and  the  appropriate  molecular 
weights  the  following  result  is  obtained : 


WJW  B  =  (337)  (92)/ (423)  (18)  =  4.1 

Thus  one  can  expect  4.1  g.  toluene  for  each  gram  of  water  in  the  distillate. 
The  predicted  distillate  composition  is  (4.1/5.1)  (100)  or  80.3  weight  per 
cent  toluene.  The  azeotropic  composition  reported  by  Lange”  is  86.5 
weight  per  cent  toluene. 

A  very  useful  chart  for  estimating  the  boiling  points  of  immiscible  water 
mixtures  is  given  by  Badger  and  McCabe."1  Vapor  pressures  are  plotted 
rs.  temperature  in  the  normal  manner.  The  curve  for  water  is  plotted  as 
760  minus  the  vapor  pressure  of  water  so  that  the  resulting  curve  intersects 
the  other  vapor-pressure  curves  at  the  steam-distillation  boiling  point  at 
760  mm  of  mercury.  Similar  curves  for  water  can  be  drawn  for  other 
pressure  levels  such  as  300  mm.  or  100  mm.  distillation  pressure 
The  use  of  steam  distillation  as  a  laboratory  technique  merely  requires  a 

receiver^  sZ>  ^  *'Ube’  a  clistillatio"  flask,  condenser,  and 
..  .  h  apparatus  is  illustrated  m  Figure  28.  When  steam  is 

va,  a  lie,  the  steam  generator  may  be  dispensed  with.  Numerous  modi- 
1368La"ge’  Handb°°k  °f  ChemiSlry-  6th  ed-  H“db°°k  Publishers,  Sandusky,  1944,  p. 
NewYot;  1936,  p.fet'  °S  Sneering.  2nd  ed„  McGraw-Hill, 
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fications  and  improvements  can  be  incorporated  in  this  basic  apparatus. 
For  example,  laboratory  steam  usually  contains  an  appreciable  amount  of 
condensate  which  will  rapidly  fill  the  distillation  flask  with  water  phase. 
Much  of  this  water  can  be  eliminated  by  a  trap  or  knockout  flask  placed 
just  ahead  of  the  distillation  flask.  Provision  should  be  made  for  inter¬ 
mittent  draining  of  the  trap.  A  trap  with  automatic  drain  is  described 
by  Egly  in  Chapter  I,  Volume  III,  of  this  series. 

With  the  arrangement  shown  in  Figure  28,  all  the  heat  required  for 
warming  the  solution  and  for  vaporization  of  the  distillate  must  be  sup¬ 
plied  by  the  steam  which  will  condense  in  the  distillation  flask,  gradually 


STEAM  DISTILLATION 


filling  it  with  water  phase.  The  latter  can  be  reduced  intermittently  by 
draining  out  part  of  the  water  phase.  An  easier  method  is  to  supply  heat 
to  the  distillation  flask  also,  either  through  a  steam  superheater  (see  Egly, 
Chanter  I  Volume  III,  this  series)  or  by  heating  the  distillation  flask  di- 
rectlv.  Drains  for  the  knockout  and  the  distillation  flask  can  be  provided 
as  bottom  stopcocks  or  as  suction  tubes  inserted  through  the  flask  stopper 
and  extending  nearly  to  the  bottom  of  the  Mask.  The  latter  is  better 
practice  as  it  is  well  to  place  all  heated  distillation  flasks  in  vesse  s  m  pans 
of  sufficient  size  to  retain  all  the  liquid  in  the  distillation  flask  in  case  of 
breakage  This  greatly  reduces  fire  hazard  in  the  laboratory. 

Thelabora  orv  procedure  for  steam  distillation  is  to  charge  the  organic 
material1  into  the  distillation  flask  shown  in  Figure  28.  A  small  amount 
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of  water  may  be  added  if  desired,  although  condensing  steam  will  provide 
an  adequate  water  phase  shortly  after  starting  the  distillation.  The  dis¬ 
tillation  flash  should  be  no  more  than  one-third  full  at  the  start  of  the  dis¬ 
tillation.  A  thermometer  in  the  liquid  phases  in  the  dist  illation  flask  makes 
it  possible  to  follow  the  course  of  the  distillation.  The  distillation  is  dis¬ 
continued  when  negligible  amounts  of  distillate  are  obtained  in  a  reasonable 
time  such  as  an  hour.  Frequently,  organic  matter  will  be  dispersed  in  the 
aqueous  distillate  as  evidenced  by  a  haze  or  white  cloud  in  the  water  phase. 
This  can  usually  be  eliminated  by  adding  salts  such  as  sodium  or  potassium 
chloride  to  the  aqueous  phase. 

It  should  be  pointed  out  that  the  distillate  recovered  during  steam  distil¬ 
lation  usually  contains  much  more  water  than  is  predicted  from  azeotropic 
compositions.  In  other  words,  the  steam  is  less  than  100%  efficient  in 
vaporizing  the  organic  components.  The  relationship  between  theoretical 
and  actual  distillate  ratios  is  usually  referred  to  as  steam-vaporization  ef¬ 
ficiency  and  will  depend  upon  the  depth  of  organic  phase  above  the  water 
phase  and  the  manner  in  which  steam  is  dispersed  in  the  distillation  flask. 
The  \  apoiization  efficiency  of  the  steam  is  increased  as  the  organic  phase 
is  increased  in  depth  to  about  50  centimeters.  It  also  increases  as  the 
diameters  of  the  openings  for  admitting  steam  into  the  distillation  flask 
are  decreased  to  one  millimeter.  If  these  steps  are  taken  to  increase  va¬ 
porization  efficiency,  a  greater  pressure  is  required  to  force  steam  into  the 
distillation  flask. 


One  of  the  simplest  methods  of  employing  steam  distillation  in  the  labo¬ 
ratory  involves  placing  the  organic  phase  and  sufficient  water  phase  in  a  dis¬ 
tillation  flask.  The  heterogeneous  mixture  is  heated  externally  and  the 
distillate  condensed  and  collected  as  above.  This  technique  is,  of  course 
united  to  those  cases  in  which  the  quantity  of  water  required  for  the  dis¬ 
tillation  can  be  added  to  the  flask  at  the  start  of  the  distillation 
In  certain  cases  only  a  small  amount  of  volatile  material  is  to  be  re¬ 
covered  from  a  arge  amount  of  relatively  nonvolatile  material.  In  such 
cases  an  integral  steam-distillafion  apparatus  such  as  that  jus,  described 
is  used  but  with  a  vertical  condenser.  A  distillate  receiver  which  has  pro 
vision  for  returning  water  to  the  distillation  flask  is  used  so  that  the  system 
m  "0t  be  d  “  water.  The  oil-dilution  test  employed  by  the  ofl 
industry,  which  small  amount,  of  gasoline  are  distilled  from  I  brittine 
oils  is  an  example  of  this  type  of  operation.  Distillate  receivers  suitable 
for  this  purpose  may  be  purchased  from  commercial  via,,  hi  „ 

receivers  are  listed  under  oil-dilution  apparatus  ^  Su°h 

Ph™e  Szr  r m  distmation  with  a 

widely  used  commercially,  particularly  in"  the'petrokum  induTtry.^Tljs 


378 


CARL  S.  CARLSON 


type  of  operation  is  really  a  part  of  a  broader  technique  known  as  distilla¬ 
tion  in  the  presence  of  an  inert  gas.  In  this  case  vapor  pressures  are  still 
additive,  but  the  distillation  temperature  will  vary  as  the  proportion  of 
inert  carrier  is  varied.  Inert  carriers  which  may  be  used  are  any  of  the 
common  inert  gases  such  as  nitrogen,  carbon  dioxide,  or  methane,  as  well 
as  steam.  The  last  is  preferred  because  condensation  problems  are  simpli¬ 
fied  and  water  is  readily  available.  See  Chapter  V. 


B.  CONTINUOUS  DISTILLATION 


For  the  satisfactory  use  of  continuous  azeotropic  distillation  consider¬ 
able  information  about  the  system  is  necessary.  This  includes  feed  com¬ 
position,  percentage  entrainer  in  azeotrope,  and  boiling  points  of  azeotropes 
and  nonazeotropes.  As  usually  applied  industrially,  for  example,  in  the 
manufacture  of  absolute  ethanol  or  in  acetic  acid  dehydration,  a  selective 
entrainer  is  used  which  forms  a  minimum  constant-boiling  mixture.  The 
separation  in  the  fractionator  is  between  the  azeotrope  obtained  as  distillate 


and  the  nonazeotrope  obtained  essentially  pure  as  bottoms.  In  such  a 
case  the  entrainer  is  added  with  the  feed  in  amount  just  sufficient  to  form 
the  azeotrope  which  is  removed  as  distillate. 

An  apparatus  for  continuous  azeotropic  distillation  with  a  miscible  en¬ 
trainer  is  shown  in  Figure  29.  Feed  and  entrainer  in  the  correct  propor¬ 
tion  are  introduced  at  the  proper  point  in  the  column.  A  minimum-boiling 
azeotrope  will  be  obtained  as  distillate  and  segregated  for  later  separation 
of  the  entrainer  from  the  desired  product.  When  a  selective  entrainer  is 
used,  the  bottoms  should  theoretically  be  free  of  entrainer.  In  the  practi¬ 
cal  case  a  very  slight  excess  of  entrainer  ensures  obtaining  all  the  desired 
product  azeotrope.  If  the  entrainer  boils  between  the  azeotrope  and  the 
bottoms  product,  some  of  the  entrainer  may  appear  in  the  bottoms  if  ade¬ 
quate  stripping  in  the  lower  section  of  the  column  is  not  provided. 

An  apparatus  for  continuous  azeotropic  distillation  with  a  partially  mis¬ 
cible  entrainer  forming  a  minimum-boiling  azeotrope  is  shown  in  Figure  30. 
Phase  separation  of  the  distillate  occurs  on  cooling,  and  by  means  ot  separa¬ 
tor  S  the  heavier  entrainer  phase  is  refluxed  to  the  column  throug  on¬ 
flow  H,  which  is  vented  at  V.  A  certain  proportion  of  the  light  phase  may 
have  to  be  refluxed  also  in  order  to  maintain  the  necessary  reflux  ratio. 
Since  most  ot  the  entrainer  is  returned  to  the  column,  the  feed  .ntroduced 
contains  only  enough  entrainer  to  make  up  for  that  removed  wrththe 
tiHate  product.  Entrainer-free  bottoms  are  withdrawn  fiom  the  still. 

The  number  of  points  of  control  required  in  the  arrangements  shown  m 
Figure  0«n  be  decreased.  A  modified  still-head  arrangement  is  shown 
h  Figure  31,  in  which  the  condenser  and  reflux  device  are  ms.de  an  ex- 
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paneled  section  of  the  column.  The  reflux  ratio  is  controlled  by  a  swinging 
bucket  or  funnel,  positioned  by  a  solenoid,  which  is  actuated  by  an  electric 
timer  not  shown.  The  reflux  ratio  is  really  a  time  ratio.  The  column  oper¬ 
ates  under  conditions  of  total  reflux,  all  condensate  being  returned  to  the 


Fig.  29.  Continuous  azeotropic 
distillation  with  miscibl  een- 
trainer. 


tig.  30.  Continuous  azeotropic 
distillation  with  partially  miscible 
entrainer. 


through  funnels  F  and  ft,  until  the  solenoid  is  actuated,  when  the 
runs  th  ouKh1'"  and"/)  t°  ‘i'f  ’  PiV°ting  °‘'  P°int  P '  AU  ““densate  then 

,„r  „  „„ . .  v„„jl 


380 


CARL  S.  CARLSON 


arrangement-,  only  the  feed  and  bottoms  streams  require  continuous  con¬ 
trol. 


SWINGING 

FUNNEL 


Fig.  31.  Automatic  column  head  for  azeotropic  distillation 
with  a  partially  miscible  entrainer. 

% 

C.  EQUIPMENT  PERFORMANCE 

As  in  extractive  distillation,  little  information  is  available  on  equipment 
performance.  Guinot  and  Clarke,65  in  discussing  the  continuous  produc¬ 
tion  of  anhydrous  ethanol  in  commercial  bubble-cap  plate  towers,  stated 
that  in  the  upper  part  of  the  column  below  the  entrainer  reflux,  two  liquid 
phases  existed  on  several  of  the  plates,  but  agitation  was  so  vigorous  that 
uniform  dispersion  of  the  phases  was  realized  and  little  effect  on  plate  ef¬ 
ficiency  was  observed,  although  it  was  not  actually  measured.  More 
recently,  Schoenborn  et  al ,66  showed  that  the  presence  of  a  moderate  propor¬ 
tion  of  insoluble  component  in  the  liquid  made  no  appreciable  change  in 

plate  efficiency  of  a  laboratory  bubble-cap  column. 

In  laboratory  columns  of  the  packed  variety,  liquid-phase  separation 

e*  Guinot  and  Clark,  Trans.  Inst.  Chem.  Engrs  London,  16,  189  (1933). 
ee  Schoenborn,  Koffolt,  and  Withrow,  Trans.  Am.  Inst.  Chem.  Engrs.,  37,  997  (1341; 
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may  have  a  deleterious  effect  on  H.E.T.P.  if  one  liquid  preferentially  wets 
the  column  packing. 

5.  Calculation  of  Azeotropic-Distillation  Separations 

In  the  calculation  of  azeotropic-distillation  separations,  the  azeotrope 
can  be  treated  as  an  individual  component.  This  is  illustrated  by  the  work 
of  Matuszak  and  Frey,67  who  studied  the  separation  of  the  four-carbon 
hydrocarbons  into  butanes  and  butenes  by  azeotropic  distillation  with  sul- 


Fig.  32.  Separation  of  butanes  from  butenes  by  azeotropic  distillation  with 
sulfur  dioxide  in  a  laboratory  vacuum-jacketed  glass  gas-analytical  column. 


fur  dioxide.  Data  from  one  of  their  runs  have  been  used  to  plot  the  curve 
in  Figure  32.  The  hydrocarbon  mixture  consisted  of  (a)  n-butane  with  a 
trace  of  isobutane  and  (6)  n-butenes  with  a  trace  of  isobutene.  The  dis¬ 
tillate  composition  is  expressed  on  an  entrainer-free  basis,  while  the  mole 
per  cent  distilled  refers  to  the  total  distillate  including  entrainer. 

The  distillation  was  carried  out  isothermally  at  3°C.  in  a  laboratorv 
vacuum-jacketed  (unsilvered)  glass  analytical  column  with  approximately 

10  paeS',  ,  The  hydrocarbon  in  the  first  56%  distilled  aver¬ 

aged  99.5%  saturated  hydrocarbons,  while  the  hydrocarbon  in  the  residue 
(exclusive  of  a  trace  of  pentane  impurity)  averaged  99.4  mole  per  cent 

67  Matuszak  and  Frey,  Ind.  Eng.  Chem.,  Anal.  Ed.,  9,  111  (1937) 

M  F-  E.  Frey,  private  communication.  ' 
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butenes  (after  82.5%  distillate  was  removed).  Shown  in  Figure  32  are 
the  average  sulfur  dioxide  concentrations  in  the  distillate  which  correspond 
very  closely  to  the  azeotropic  compositions  given  in  Table  XIII.  For 
example,  the  first  distillate,  which  contained  the  saturated  hydrocarbons, 
contained  on  the  average  63  mole  per  cent  sulfur  dioxide,  which  corre¬ 
sponds  closely  to  the  n-butane  azeotrope  when  allowance  is  made  for  the 
azeotrope  of  isobutane,  which  contains  only  54.9  mole  per  cent  sulfur  di¬ 
oxide.  Similarly,  a  portion  of  distillate,  the  hydrocarbon  portion  of  which 
contained  95.0  mole  per  cent  n-butenes,  3.4%  isobutene,  and  0.6%  paraf¬ 
fins,  contained  71.8  mole  per  cent  sulfur  dioxide,  very  close  to  the  azeotropic 
composition  listed  for  2-butene. 

TABLE  XIII 

Binary  Azeotropic  Mixtures  of  Sulfur  Dioxide  and  Four-Carbon  Hydrocarbons 

Mole  per  cent 

Temp.,  Pressure,  Hydro- 


Hydrocarbon  °C.  atm.  carbon  SO2 


Isobutane .  3  3.17  45.1  54.9 

n-Butane .  3  2.65  35.6  64.4 

Isobutene .  3  2.24  36  64 

1- Butene .  3  2.37  40.7  59.3 

2- Butene .  3  2.05  27.7  72.3 


The  separation  of  an  azeotrope  from  a  nonazeotrope  or  of  two  azeotropes 
from  each  other  can  be  calculated  by  the  conventional  methods  given  in 
Chapter  I,  treating  the  azeotrope  as  an  individual  component,  provided  the 
corresponding  relative  volatilities  are  known.  Most  of  the  data  on  azeo¬ 
tropes  consist  of  their  compositions  and  boiling  points.  The  use  of  boiling- 
point  differences  to  estimate  relative  volatilities,  a,  will  in  general  give  a 
conservative  result.  The  actual  separation  realized  during  azeotropic 
distillation  would  indicate  a  much  higher  value  for  a  than  the  calculated 
one.  This  was  illustrated  in  Figure  19  for  the  four-carbon  hydrocarbons 
n-butane,  isobutane,  n- butenes,  isobutylene,  with  sulfur  dioxide. 


A. 


\ MOUNT  OF  ENTRAINER  REQUIRED 


If  the  composition  of  the  azeotrope  or  azeotropes  is  known  and  the  ap- 
nroximate  composition  of  the  charge  is  known,  the  entrainer  requirements 
can  readily  be  estimated.  For  example,  consider  the  distillation67  plottet 

in  Figure  32. 

BaSlS(a)  Hydrocarbon  charge  is  75  mole  per  cent  n-butane  and  25  mole  per  cent  2- 
butene, 
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(b)  Distillation  conducted  isothermally  at  3  G., 

(c)  Entrainer  to  be  used,  sulfur  dioxide. 

Data. 

n-Butane- sulfur  dioxide  azeotrope  contains  64.4  mole  per  cent  sulfur  dioxide. 
2-Butene-sulfur  dioxide  azeotrope  contains  72.3  mole  per  cent  sulfur  dioxide. 
Entrainer  requirements  per  gaseous  liter  hydrocarbon  charge. 

(а)  For  w-butane:  (750)(64.4)/(35.6)  =  1350  cc.  sulfur  dioxide. 

(б)  For  2-butene:  (250)(72.3)/(27.7)  =  650  cc.  sulfur  dioxide. 

Total  for  one  liter  of  hydrocarbon  gas .  2000  cc.  sulfur  dioxide. 


Thift  for  theoretical  entrainer  requirements  the  charge  should  contain 
66.7  mole  per  cent  sulfur  dioxide  and  33.3  mole  per  cent  hydrocarbon. 
The  actual  charge  contained  only  60%  sulfur  dioxide,  which  was  found  to 
be  insufficient.67 

It  is  of  interest  to  consider  what  results  should  be  expected  in  a  batch 
fractional  distillation  when  various  proportions  of  entrainer  are  used.  For 
purposes  of  discussion  a  three-component  mixture  will  be  used  with  a  high- 
boiling  entrainer  added  as  a  fourth  component,  capable  of  forming  azeo¬ 
tropes  with  each  component. 

(a)  Insufficient  Entrainer  Present  to  Form  Azeotropes  with  All  Com¬ 
ponents.  \\  hen  this  situation  exists,  the  entrainer  will  appear  in  the 
distillate  with  the  lowest-boiling  azeotropes  until  the  entrainer  is  ex¬ 
hausted.  Separation  will  then  depend  upon  the  normal  volatility  relation¬ 
ships  of  the  remaining  components. 

(b)  Theoretical  Amount  of  Entrainer  Present  to  Form  Azeotropes 
with  All  Components.  In  this  case  the  distillation  will  proceed  as  though 
thiee  components  were  present  with  volatilities  corresponding  to  those  of 

the  azeotropes.  Better  separation  of  the  azeotropes  will  be  realized  than 
for  the  above  case. 

(c)  Entrainer  Present  in  Excess  of  the  Amount  Necessary  to  Form 
Azeotropes  with  All  Components.  Since  a  high-boiling  entrainer  was 
designated,  the  distillation  will  progress  with  the  three  azeotropes  being 
obtained  successively  as  distillate  with  excess  entrainer  being  distilled 
last  if  the  distillation  is  carried  that  far.  The  separation  of  the  azeo¬ 
tropes  may  be  sharper  than  in  b  because  of  the  effect  of  the  presence  of 
excess  entrainer. 

!,r‘ef’  batch  azeo  tropic  distillations  the  entrainer  and  charge  will  be 

ded  directly  to  the  still  in  calculated  proportions,  and  usually  with  a 
slight  excess  of  entrainer.  If  the  charge  composition  is  unknown  and  in¬ 
sufficient  entrainer  has  been  added,  the  distillation  can  be  stopped  and  ad 
ditional  entrainer  added  to  the  still.  The  distillation  can  then  be  con' 

lowed  USUal  equi,ibration  under  total  reflux  has  been  al- 


384 


CARL  S.  CARLSON 


Fig.  33.  Keyes  process  for  ethanol.  W.R.,  water-rich.  B.R.,  benzene-rich. 
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6.  Example  of  Commercial  Application  of  Azeotropic  Distillation 

While  extractive  distillation  appears  rather  complicated  on  a  laboratory 
scale  but  is  relatively  simple  on  a  continuous  industrial  scale,  azeotropic 
distillation  is  very  simple  to  use  in  a  laboratory  batch  distillation.  How¬ 
ever,  the  commercial  applications  of  continuous  azeotropic  distillation  are 
rather  complicated.  This  can  be  seen  in  Figure  33,  illustrating  the  Iveyes 
process  for  the  production  of  absolute  ethanol.  Ethanol  (95%)  and  ben¬ 
zene  entrainer  are  fed  to  column  1,  where  absolute  ethanol  is  obtained  as 
bottoms  while  all  the  water  is  carried  overhead  as  a  ternary  azeotrope  with 
ethanol  and  benzene,  boiling  at  65  °C.  The  composition  (in  per  cent  by 
weight)  of  the  ternary  azeotrope  is  as  follows: 


Benzene .  74.1 

Ethanol .  18.5 

Water .  7.4 


All  the  remaining  equipment  serves  to  recover  benzene  and  alcohol 
carried  overhead  as  the  ternary  azeotrope  in  column  1.  On  condensing, 
the  ternary  azeotrope  forms  two  phases,  which  are  separated  in  the  sepa¬ 
rator.  The  upper,  benzene-rich  phase,  which  at  28 °C.  contains  85.6% 
(by  weight)  benzene,  11.6%  alcohol,  and  2.8%  water,  passes  to  the  benzene 
recovery  column  3,  where  anhydrous  benzene  is  obtained  as  bottoms  and  the 
ternary  azeotrope  as  overhead;  the  latter  is  returned  to  the  separator. 

The  lower,  water-rich  layer  flows  to  a  scrubber,  where  water  is  added  in 
amount  sufficient  to  cause  further  benzene-phase  separation.  This  ben¬ 
zene  phase  also  goes  to  the  benzene  column.  The  water  layer,  which  at 
28  °C.  contains  40.6%  (by  weight)  water,  51.3%  alcohol,  and  8.1%  ben¬ 
zene,  passes  to  column  2,  where  benzene  is  taken  overhead  as  the  ternary 
azeotrope  and  returned  to  the  separator.  Alcohol-water  bottoms  from 
column  2  flow  to  the  alcohol  recovery  column  4,  where  water  is  removed 

as  bottoms,  and  95%  ethanol  is  taken  overhead  for  return  to  alcohol  feed 
storage. 

This  process  is  interesting  since  it  employs  the  features  of  distillate  phase 

separation  and  phase  precipitation  by  water  addition.  All  heating  is  done 
by  closed  steam. 
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DISTILLATION  OF  LIQUEFIED  GASES 
AND  LOW-BOILING  LIQUIDS 


Arthur  and  Elizabeth  Rose,  Stale  College,  Pennsylvania 


When  a  mixture  of  gases  is  to  be  separated  by  distillation,  it  must  first 
be  converted  to  the  liquid  state.  This  may  be  accomplished  in  one  of 
three  ways:  by  increase  in  pressure  if  the  gas  is  below  its  critical  tempera¬ 
ture,  by  a  combination  of  increase  in  pressure  and  cooling,  or  by  cooling 
alone.  Little  has  been  published  on  the  laboratory-scale  distillation  of 
gases  liquefied  by  pressure  alone.* 1-2  The  procedure  involving  liquefaction 
by  cooling  alone  is  by  far  the  most  common,  and  the  subsequent  distillation 
is  referred  to  as  low-temperature  distillation.  Low-temperature  distilla¬ 
tion  is  accepted  as  dealing  with  boiling  points  below  about  35  °C.  or  room 
temperature;  high-temperature  distillation  deals  with  all  boiling  points 
above.  I  he  apparatus  ordinarily  used  is  a  fractionating  column,  of  the 
Podbielniak  type  or  one  of  its  many  modifications  (see  Figs.  1  and  2). 3 
Simple  distillation  from  one  bulb  to  another  without  a  fractionating  column 
is  an  alternative  procedure  of  considerable  interest. 

1  he  most  frequent  purpose  of  low-temperature  distillation  is  that  of 
analysis  of  a  gaseous  sample.  Other  objectives  are  the  separation,  identi¬ 
fication,  or  purification  of  a  single  material.  The  results  are  usually  ex¬ 
pressed  as  a  distillation  curve  as  in  Figure  3.  Most  of  the  discussion  in 
ns  section  relates  to  analysis,  especially  the  analysis  of  hydrocarbon  gas 
mixtures,  since  in  general  its  requirements  are  representative  and  most  ex¬ 
tensively  used  and  developed.  The  apparatus  and  procedure  are  quite 
.  innlar  to  those  for  analytical  fractionation  at  and  above  ordinary  tempera- 
ies  The  problems  of  refrigeration,  insulation,  and  handling  of  gaseous 
sample  and  product  do,  however,  introduce  differences  requirfng  separate 
a  e„u„,.  The  industrial  distillation  of  liquefied  air  and"  the TargH  a 
distillation  of  easdy  hquefied  gases  under  superatmospheric  pressure  a  e 


1  Simons  Ind  Eng.  Chem.,  Anal.  Ed.,  10,  30  (1938). 

cnohd,  M.S.  Thesis,  Pennsylvania  State  Colleco  1Q41  «  i 

3  Figures  1-9,  11,  12,  14  15  17R  iq  o-j  ,  ol-  ’  1941‘  See  also  paSe  442- 

’  ’  ’  •  >  23>  and  25-28  courtesy  Podbielniak,  Inc 
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Fig.  1.  Modified  flow  diagram  of  low-temperature  fractional-distillation  apparatus  (Podbielniak  Hyd-Robot)s. 
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not  included  in  the  present  discussion,  but  references  to  recent  literature  in 
these  fields  may  be  found  in  the  classified  bibliography  on  page  400. 

By  way  of  defining  the  field,  Table  XI4  (pp.  447-456)  gives  the  boiling 


**  *  WtemPeratUre  ^^^til'ation  apparatus  (Podbielniak  Semi-Robot). 
Compiled  by  Arthur  Rose  and  T.  J.  Williams. 


PRESSURE,  MM.  OF  MERCURY 


392 


A.  AND  E.  ROSE 


IV.  LIQUEFIED  GASES  AND  LOW-BOILING  LIQUIDS 


393 


TABLE  I.  Boiling  Points  of  Hydrocarbon  Gases  and  Liquids  Commonly 
Encountered  in  Low-Temperature  Distillation 

Compound  Temperature,  °C. 


Nitrogen .  —195.8 

Carbon  monoxide .  —192 

Oxygen .  —  1 83 

Methane .  —161.49 

Ethylene .  —  103 . 71 

Ethane .  —  88.63 

Propylene .  —  47.70 

Propane .  —  42.07 

Isobutane .  —  11.73 

Isobutene .  —  6 . 900 

Butene-1 .  —  6.26 

n-Butane .  —  0.50 

<rans-Butene-2 .  0.88 

cfs-Butene-2 .  3  720 

Isopentane .  27  854 

n-Pentane .  35  074 

Hexane .  68.742 


TABLE  II.  Relative  Volatilities  of  Some  Hydrocarbon  Mixtures 


Binary  hydrocarbon  mixture 


Ratio  of 
vapor  pressures 
„  ...  .  midway  between 

Boiling  points  b.p.  of  two 

at  760  mm.  components 


Methane-ethylene . 

Methane-ethane ... 
Ethylene-ethane. . 

Ethane-propene . 

Ethane-propane . . 

Propene-propane . 

Propane-isobutane . 
Isobutane-R-butane  . 

Isobutane-isobutene . 

Isobutene~butene-l .... 
Butene-l-butadiene-1,3. 
Butadiene-1, 3  and  C.B.M."  .  . 
Butadiene-1,3 -n- butane. . 

Butene-1  -n-  butane . 

n-Butane -trans-  butene-2 
n-Butane  -cts-butene-  2 

fraas-Butene-2-n's-  butene-2 . 

n-Butane— isopentane . 

Isopentane-n-pentane  . 

n-Pentane-/i-hexane 
n-  Pentane-di-isopropyl 

Constant-boiling  mixture- 
per  cent. 


(-161.5)  (-103.7) 
(-161.5)  (-88.6) 
(-103.7)  (-88.6) 
(-88.6)  (-47.7) 
(-88.6)  (-42.1) 
(-47.7)  (-42.1) 
(-42.1)  (-11.7) 
(-11.7)  (-0.5) 

(  —  117)  (—6.9) 
(-6.9)  (-6.3) 
(-6.3)  (-4.5) 
(-4.5)  (-5.1) 
(-4.5)  (-0.5) 
(-6.3)  (-0*5) 
(-0.5)  (+0.9) 

(  0.5)  ( +3 . 7) 
(+0.9)  (+3.7) 
(-0.5)  (27.9) 
(27.9)  (36.07) 
(36.07)  (68.7) 
(36.07)  (58.1) 


- —  * 

61.2 

107 

2.3 
8.1 

9.3 

1.3 

3.3 
1.5 
1.20 
1.03 
1.05 
1.02 

1.14 
1.23 
1.04 

1.15 
1  09 
2.8 
1.33 
3.0 

2.15 


butadiene-1,3 


<9.5  mole  per  cent,  n-butane  20.5  mole 


pf r  “r  35°c-  * 

•  ‘  gases  and  low-boilmg  liquids.  Values 

Compiled  from:  Selected  Values  of  Properties  of  /  , 

Standards,  Circular  C461,  Washington  1Q4~-  {  !'drocarbon^  National  Bureau  of 

Graw-Hill,  New  York.  ’  G  and  International  Critical  Tables  Me 
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tor  relative  volatility  of  numerous  hydrocarbon  mixtures  are  in  Table  IIfi 
and  vapor-pressure  curves  for  common  low-boiling  hydrocarbons  are  in  Fig.  4. 


I.  FRACTIONAL  DISTILLATION 
1.  Apparatus  and  Accessories 

A  general  knowledge  ol  the  apparatus  and  procedures  for  ordinary  frac¬ 
tional  distillation  is  assumed.  The  need  for  manometers,  vacuum  pumps, 
stopcocks  and  valves,  potentiometers,  millivoltmeters,  and  thermocouples 
is  obvious.  Water  pumps  have  been  used  for  evacuation,  but  oil  pumps  are 
superior.  Glass  stopcocks  must  be  precision  ground,  and  the  grease  used 
must  be  chosen  to  avoid  absorption  or  contamination  of  the  sample.  Dia¬ 
phragm  valves  of  small  dead  space  are  available,  and  are  advantageous. 
Ordinary  rubber  tubing  is  not  satisfactory,  but  neoprene  tubing  can  be 
used  with  success.  (A  description  of  some  of  these  accessories  will  be 
found  in  Chapters  V  and  VI.) 

The  quantity  of  sample  necessary  or  available  for  distillation  varies 
greatly  with  circumstances  so  that  both  very  small  and  relatively  large 
apparatus  have  been  described  and  used.  The  height  and  other  charac¬ 
teristics  of  the  apparatus  depend  on  the  degree  of  separation  desired  and 
the  efficiency  of  the  packing  used.  Detailed  descriptions  of  various  types 
of  apparatus  will  not  be  attempted  here.  Instead,  the  function  of  each 
important  part  will  be  indicated,  together  with  various  possible  construc¬ 
tions  and  arrangements,  following  the  order  listed  in  the  outline. 


A.  COLUMNS  AND  PACKINGS 

The  most  widely  used  low-temperature  columns  and  contacting  devices 
are  straight  glass  tubes  fitted  with  a  specially  formed  wire  packing.  Pre¬ 
sumably  a  number  of  the  types  of  contacting  devices  developed  for  high- 
temperature  distillation  could  be  used  for  low-temperature  distillation. 
However,  there  are  lfo  reports  in  the  literature  on  such  work.  Indee<  , 
even  the  commonly  used  packings  have  not  been  extensively  tested  at  low 
temperatures.  The  majority  of  the  tests  refer  to  the  usual  mixtures  such 
as  methylcyclohexane-n-heptane  (boiling  range  98.4-100.cS  C.)  lathei 
than  to  any  low-boiling  mixture  (see  Table  I,  Chap.  I). 

Buta-Heli-Grid  Packing.  The  Buta-Heli-Grid  type  of  packing  Fig. 
5),  patented  by  Podbielniak,  is  stated’  to  have  200  to  400  theoretical  plates 

*  Compiled  from  Podbielniak,  Analytical  Distillation  and  Its  Application  to  the  Pe- 
JSL,  (available  from  the  author),  Chicago;  and  Selected  Values  of  Proper,*, 

°!  7j&5£E  Analytical  Ztttfto*.  -  «•  ***•*"  "*** 
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in  37  inches  of  height,  or  an  indicated  H.E.T.P.  of  approximately  0.2  to  0.1 
in.  This  is  estimated  for  specific  operating  conditions  during  separation 
of  butadiene  from  the  butadiene-n-butane  constant-boiling  mixture  having 
a  boiling  point  difference  of  0.6  °C.  The  actual  curve  of  volume  versus 
composition  of  distillate  for  this  case7  appears  in  Figure  6.  This  was  pre¬ 
sumably  obtained  with  low  vapor  velocity  and  otherwise  favorable  condi¬ 
tions  for  good  separation. 

The  method  for  translating  this  curve  into  an  estimate  of  the  number  of 
theoretical  plates  is  not  described  but  is  probably  that  indicated  by  Rose.8 
No  determination  has  been  published  of  the  number  of  theoretical  plates 
by  analysis  of  distillate  and  still  compositions.  Before  such  values  could 
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tig.  6.  Distillation  of  butadiene-n-butane  mixture 
showing  separation  of  constant-boiling  mixture. 


be  obtained  it  would  be  necessary  to  determine  the  vapor-liquid  equilibrium 

-f  as  dbl-dF 

usual  height  is  37  in.,  with  construction  as  Lt™  hu^'f 
flow  ol  vapor  or  liquid  through  the  central  hollow  core  The' ho |  h,  '  T 
packing  is  reported  as  3  to  4  ml.  liquid  or  750  to  1000  ’  P  °f  the 

length.  This  is  referred  to  Q  l  ,  t0  1000  cc-  vaP°r  for  a  37-in. 

of  observations  that  a  high  ratio  of  hoi  1 1  °  * paekmg»  so  desiSned  because 
ration.7  While  this 

com  entional  assumptions,  the  same  ef- 

8  Rose,  J.  Am.  Chem.  Soc.,  62,  793  (1940). 
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feet  has  been  observed  in  ordinary  distillation.9  The  maximum  throughput 
of  the  packing  is  stated  by  Podbielniak  (private  communication)  to  be  in 
the  neighborhoods  150  cc.  gas/min.  at  standard  temperature  and  pressure. 

Heli-Grid  Packing.  Two  different  types  of  Heli-Grid  packing(A  and  B) 
have  been  described  (and  patented)  by  Podbielniak,10  as  discussed  in 
Chapter  II,  and  shown  in  Figure  15  there.  The  capillary  spaces  between 
wires  cause  the  liquid  to  spread  itself  evenly  over  the  packing,. so  that  channel¬ 
ing  and  flooding  are  minimized.  Even  if  such  packing  is  tilted  nearly  hori¬ 
zontally,  the  liquid  will  not  channel  but  will  run  spirally  up  and  down  fol¬ 
lowing  the  capillary  wire  coil  path.  Type  A  packing  is  used  only  in  small- 
diameter  columns  (up  to  6  mm.)  but  Type  B  may  be  made  in  larger  diam¬ 
eters  by  winding  a  second  spiral  around  the  outside  of  the  inner  spiral. 
Packings  of  1-in.  diameter  are  reported.  Both  types  of  packing  are  pre- 
tensionecl,  to  twist  during  fabrication  and  fit  very^  closely  to  the  column 
tubing  after  assembly.  This  snug  fit  avoids  channeling  between  the  pack¬ 
ing  and  the  column  wall,  due  to  slight  irregularities. 

It  is  customary  to  use  a  corrosion-resistant  wire  such  as  Inconel  or 
Nichrome,  so  that  corrosion  is  avoided  and  active  cleaning  agents  may  be 
used.  The  wire  size  is  approximately  0.008  in.  in  diameter  with  clearance 
between  adjacent  turns  of  about  0.002  in. 

The  H.E.T.P.  of  Heli-Grid  packing  of  11-mm.  diameter  is  reported10 
as  0.2  in.  when  tested  in  a  14-in.  section  with  methylcyclohexane-n-heptane 
mixtures  at  total  reflux.  The  efficiency  varies  considerably  with  the  di¬ 
ameter  ol  the  packing  and  with  the  boil-up  rate10  as  is  shown  in  Figure  7. 
Even  at  high  boil-up  rates  the  H.E.T.P.  is  not  over  an  inch.  Figure  8 
shows  the  H.E.T.P.  of  Heli-Grid  packing  compared  with  other  varieties 
of  packing.10  The  comparison  is,  however,  at  about  100  °C.  with  methyl- 
cyclohexane-n-heptane,  and  not  at  low  temperatures. 

The  range  of  throughput  or  boil-up  rate  of  the  Heli-Grid  packing  is 
gi\en  by  Figures  7  and  8.  1  he  holdup  of  various  packings  is  summarized 

in  Figure  8.  Podbielniak  has  used  an  arbitrary  factor  (“Factor  A”)  in 
order  to  express  the  utility  of  a  packing.  This  factor  is  the  boil-up  rate 
in  cubic  centimeters  per  hour,  divided  by  the  holdup  per  theoretical  plate! 
m  cubic  centimeters.  This  involves  the  major  factors  that  affect  the  sharp¬ 
ness  ol  separation  and  the  time  required  for  a  particular  distillation.  Fig¬ 
ure  8  compares  various  packings  with  respect  to  values  of  “Factor  A.” 

tl  S'pP!f  Y'r!"Coil  PaCking'  This  was  the  packing  used  in  the  early  designs  of 
odbielmak  low-temperature  fractional-distillation  apparatus.  Its  nature" 

,0  ”Tt0,n’.  M  S'  Thesis>  Pennsylvania  State  College,  1947. 

n  i5°  jtle,niak’ Ind'  Eng'  Chem  >  Anal •  Ed.,  13,  639  (1941). 

od  nelmak,  Ind.  Eng.  Chem.,  Anal.  Ed.,  3,  180  (1931);’  U.  S.  Pat.  2,009,814. 
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Fig.  8.  Comparison  of  Heli-Grid  with  other 

Heli-Grid,  11  mm.  I.  D.,  35  cm.  (14  in.) 
section.  {2a)  F'enske,  single-turn  metal 
helices,  1.98  cm.  (0.79  in.)  I.  D.,  277.5 
cm.  (Ill  in.)  section.  {2b)  Fenske  sin¬ 
gle-turn  helices,  1.55cm.  (0.02  in.)  I.  D., 
of  No.  34  stainless  steel  wire,  25.4  mm. 

I.  D.  packing,  100  mm.  length  ol  packed 
section. 

Purdue,  spiral  screen,  1.875  cm.  (0.75 
in.)  I.  D.,  42.5  cm.  (17  in.)  section. 


high-efficiency  laboratory  column  packings. 

(„£)  Spinning  band,  6.7  mm.  I.  D.,  540  cm. 
(216  in.)  section. 

{5)  Bruun  100-plate  bubble  cap,  195  cm. 
(78  in.)  section. 

{6)  Burk-Selker,  concentric  tubes,  14  mm. 

I.  1).,  150  cm.  (60  in.)  section. 

(7)  Stedman,  conical  wire  cloth,  9.5  mm. 

I.  D.,  60  cm.  (24  in.)  section. 

{8)  Urey,  rotating  cone,  10.5  meter  (3a  ltd 
column. 
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is  depicted  in  Figure  9.  The  outside  diameters  reported  range  from  2.8  to  7.0  mm. 
In  some  cases  the  coil  diameter  was  made  somewhat  less  than  the  inside  diameter 
of  the  column  tube.  The  diameter  and  pitch  of  the  coil  were  adjusted  to  secure  the 
greatest  capillary  film  effect  of  the  reflux  liquid  between  the  coil  turns  and  between 
the  packing  and  the  tube  wall.  This  provided  maximum  contact  with  the  ascend¬ 
ing  vapors.  Precise  and  optimum  dimensions  and  supporting  test  data  have  not 
been  described  in  the  literature. 


Oppositely  wound 
coil 

Outer  coil 


(A) 


(B) 


(C) 


Fig.  9.  Simple  wire-coil  packing:  (A)  enlarged  section  showing  packing  of  6-  or  7- 
turn-per-inch  #20  wire  with  close  fit  into  3.8-mm.  I.  D.  tube;  (B)  with  coil  diameter 
less  than  inside  diameter  of  tube;  (C)  with  oppositely  wound  inner  spiral. 


The  H.E.T.P.  on  one  type  of  this  packing  was  reported  as  approximately  2  in.12 
but  the  work  of  Rose1 1  indicates  that  the  H.E.T.P.  actually  might  vary  over  a  wide 
range  according  to  the  vapor  velocity  used.  The  diameters  of  the  tube,  wire,  and 
coil  certainly  also  exert  a  major  effect  on  the  separations  achieved.  McMillan14 
reported  that  almost  identical  results  were  obtained  in  the  distillation  of  an  iso- 
butane— butane  mixture  regardless  of  whether  the  wire  coil  was  present  or  absent. 
The  packing  used  in  his  experiments  was  8-turn-per-inch  spirals  of  #22  B  &  S  gage 
wire  in  a  3.8-mm.  diameter  column.  He  describes  an  experiment  in  which  a  gas 
containing  suspended  fog  particles  w^as  introduced  at  the  bottom  while  liquid  was 
flow  ing  dow  n  the  column.  There  were  two  streams  of  ascending  vapor,  one  moving 
along  the  turns  of  the  spiral,  and  a  larger  stream  rising  directly  up  the  center 
This  showed  that  there  was  channeling.  McMillan  found  that  addition  of  an  inner 
spiral  resulted  in  but  little  improvement.  As  far  as  is  known,  simple  wire  coil 
packing  has  been  entirely  superseded  by  more  efficient  types,  and  it  is  mentioned 
here  only  because  of  its  historical  importance  in  the  development  of  precise  low- 
temperature  fractional  distillation. 


VI1’1riork';'APPrU:an,d  M?hods  for  l>rccise  Optional  Distillation  Analyses 
„  Chenn  Soc  Atlanfc  City  Meeting,  1941,  p.  7.  Available  from  author. 

Rose,  Ind.  Eng.  Chem.,  28,  1210  (1936). 

14  McMillan,  ./.  Inst.  Petroleum  Technol.,  22,  610  (1936). 
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f  H,CM|U1,an.  rre‘C0U  Packing:  As  the  result  of  his  exhaustive  studies 
r.  1S  1  atlon  of  mixtures  of  exactly  known  composition,15  McMillan 
nally  suggested  the  use  of  a  coil  packing  consisting  of  6-turn-per-inch 
#15  gage  wire  spiral  with  a  #23  gage  straight  wire  insert  to  eliminate  en¬ 
tirely  the  center  free  space.  McMillan  stated  that  the  coil  should  fit  the 
column  tube  snugly  and  the  insert  should  also  make  a  force  fit  into  the 
center  space.  Materials  used  were  brass,  aluminum,  or  Nichrome,  ac¬ 
cording  to  the  type  of  corrosion  resistance  desired.  These  packings  were 
tested  in  a  3.8-mm.  diameter  column  36  in.  long.  Figure  10,  taken  from 


MILLIMETERS  DISTILLED 


Fig.  10.  Comparison  of  simple  wire-coil  packing  (old)  with  McMillan  wire-spiral-and- 

insert  packing  (new). 

McMillan,  compares  simple  8-turn-per-inch  #22  gage  packing  with  the  im¬ 
proved  type  having  the  straight  wire  insert  to  eliminate  the  central  free 
space. 

The  McMillan  packing  is  stated  to  function  efficiently  at  all  rates  up  to 
200  cc.  gas  per  minute  at  standard  temperature  and  pressure.  However,  no 
actual  H.E.T.P.  data  have  been  published  on  mixtures  boiling  either  above 
or  below  room  temperature.  No  comparison  of  this  packing  has  been 
made  with  other  more  efficient  packings  such  as  glass  or  metal  single-turn 
helices,  or  the  Heli-Grid  packings. 

Dufton  Spirals.  Booth  and  Bozarth16  have  reported  the  use  of  a 

16  The  procedure  for  preparing  gaseous  mixtures  of  known  composition  has  been  de¬ 
scribed  in  detail  by  Busey,  Barthauer,  and  Metier,  Anal.  Chem.,  18,  407  (1946),  and  by 
Savelli,  Seyfried,  and  Filbert,  Ind.  Eng.  Chem.,  Anal.  Ed.,  13,  868  (1941). 

16  Booth  and  Bozarth,  Ind.  Eng.  Chem.,  29,  470  ( 1937). 
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Dufton  or  Widmer  spiral17  (see  Chap.  II,  Part  1,  Fig.  4),  which  is  nearly 
the  same  in  construction  as  the  McMillan  packing.  A  modified  form  of 
Dufton  spiral  is  described  by  Booth  and  McNabney.18  4  he  column  con¬ 
sists  of  a  straight  glass  tube  of  8  mm.  inside  diameter  and  an  inner  glass 
tube  of  5  mm.  outside  diameter  and  90  cm.  long.  The  inner  tube  is  sealed 
off  at  both  ends,  and  separated  from  the  outer  by  means  of  a  wire  spiral 
consisting  of  two  #26  Nichrome  wires,  one  of  which  is  wound  spirally  about 
the  other.  No  low-temperature  H.E.T.P.,  throughput,  holdup,  or  com¬ 
parative  distillation  data  have  been  published. 

Helix  Packing.  The  use  of  glass  or  metal  helices19  or  small  glass 
triangles  as  packing  for  low-temperature  columns  has  been  suggested  by 
Rose.20  The  glass  triangles  used  had  an  H.E.T.P.  of  approximately  1  in. 
and  were  fragile  and  difficult  to  make.  Small-size  single  helices  of  fine 
wire  or  glass  are  preferable,  but  no  record  of  tests  of  these  at  low  tempera¬ 
tures  has  been  published.  The  very  small  portable  columns  described  by 
Simons21  use  glass  ring  packing  of  this  type.  Benoliel22  used  145  in.  of 
3/32-in.  single-turn  helices  made  from  #30  B  &  S  stainless  steel  wire,  and 
14.5  in.  of  3/i6-in.  helices  of  #26  stainless  steel  wire  in  a  1.38-in.  inside  di¬ 
ameter  pressure  column  that  tested  100  theoretical  plates  at  total  reflux 
with  n-heptane  -  methylcyclohexane  at  normal  atmospheric  pressure  and 
temperature.  A  glass  column  (8  mm.  I.D.)  with  29  in.  of  3/64-in.  diameter 
single-turn  helices  of  #40  B  &  S  stainless  steel  wire  tested  70  to  80  theoreti¬ 
cal  plates  at  a  boil-up  rate  of  150  ml.  liquid  per  hour,  again  when  tested 
with  n-heptane  —  methylcyclohexane  at  normal  atmospheric  pressure  and 
temperature. 

Unpacked  Spiral  Tubes.  Phis  type  of  contacting  device  was  proposed 
by  Davis23  and  much  more  recently  by  Shepherd24  (see  also  Chap.  II, 
Part  I,  Sect  II,  1A).  Shepherd  claims  that,  because  the  length  of  the 
paths  ol  ascending  vapor  and  descending  liquid  are  equal,  an  equilibrium 
is  achieved  that  is  not  possible  when  the  vapor  path  is  shortened. 


Miscellaneous  Types  of  Packing.  The  classified  bibliography  lists  several  other 
types  of  packing  which  have  been  reported.  In  none  of  these  cases  are  there  suf- 


17  Dufton,  J.  Soc.  Chern.  Ind.  London ,  38,  45T  (1919). 

18  Booth  and  McNabney,  Ind.  Eng.  Chem.,  Anal.  Ed.,  16,  131  (1944). 

19  Wilson,  Parker,  and  Laughlin,  J.  Am.  Chem.  Soc.,  55,  2795  (1933).  Fenske  Tone- 
berg,  and  Quiggle,  Ind.  Eng.  Chem.,  26,  1169  (1934). 

20  Rose,  Ind.  Eng.  Chem.,  Anal.  Ed.,  8,  478  (1936). 

430  am™' Ind  En9'  Chem"  AnaL  Kd"  10,  048  (‘038).  Ramler  and  Simons,  ibid.,  14, 


22  Benoliel,  M.S.  Thesis,  Pennsylvania  State  College,  1941 

23  Davis,  Ind.  Eng.  Chern.,  Anal.  Ed.,  1,  61  (1929). 

24  Shepherd>  J ■  ^arch  Natl.  Bur.  Standards,  26,  227  (1941). 
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ficient  advantages  or  test  data  for  detailed  discussion.  A  considerable  variety  of 
packings  ha\  e  been  systematically  tested  in  recent  investigations  on  liquid-air  dis¬ 
tillation.  However,  these  data  are  of  limited  interest  for  laboratory  distillation 
columns,  because  the  packings  were  all  of  relatively  large  size,  and  intended  for 
columns  of  diameters  of  2  in.  or  more. 


B.  METHODS  OF  INSULATION  OF  COLUMN  PROPER 

Iii  order  to  achieve  proper  adiabatic  operation,  the  column  proper  is 
usually  insulated  by  use  ol  a  vacuum  jacket  of  some  kind.  In  many  of 
the  early  types  of  apparatus  the  vacuum  jacket  was  made  integral  with 
the  fractionating  tube,25  but  all  later  types  use  a  separate  vacuum  jacket 
through  which  or  into  which  the  column  tube  is  inserted,26  as  in  Fig.  11. 
The  outer  dimensions  of  the  column  tube  must  of  course  closely  match  the 
inner  diameter  of  the  inner  tube  of  the  jacket.  The  usual  precautions  are 
necessary  regarding  evacuation  and  baking  out  of  such  vacuum  jackets. 
In  some  designs  the  jackets  are  unsilvered,  but  it  is  more  usual  to  silver  the 
entire  jacket  except  for  vertical  strips  permitting  observation  of  the  column 
itself.  Martin27  encountered  superheating  and  flooding  with  a  strip-sil¬ 
vered  jacket,  but  this  has  not  been  reported  by  others.  Podbielniak28  has 
substituted  thin  cyclindrical  metal  reflectors  for  the  silver  in  order  to  reduce 
heat  transfer  across  the  evacuated  jacket.  These  reflectors  are  perforated 
in  order  to  permit  some  visibility  of  the  column.  Comparative  data  on 
heat  transfer  through  such  jackets  are  shown  in  Figure  12.  In  early 
models  the  inner  jacket  was  made  of  quartz  to  avoid  breakage  when  there 
was  a  marked  temperature  differential  between  the  inner  and  outer  jack¬ 
ets.  Recent  practice  is  to  make  the  entire  jacket  of  Pyrex  glass,  and  to 
use  a  bellows  or  spiral  to  allow  for  differential  expansion. 

Simons29  and  Rose20  have  secured  insulation  by  placing  the  entire  dis¬ 
tillation  apparatus  in  a  suitable  Dewar  tube.  In  the  Rose  apparatus 
(Fig.  13)  the  cold  air  coming  from  the  evaporation  of  liquid  air  supplied 
to  the  condenser  was  circulated  through  the  Dewar  tube.  1  his  maintained 
a  temperature  somewhat  below  that  in  the  column  itself.  An  air  jacket 
prevented  direct  contact  between  the  column  and  the  circulating  cold  air. 
The  more  recent  improved  models  of  the  Podbielniak  column  use  a  similar 
system  in  that  cold  air  from  the  evaporation  of  the  liquid  air  supplied  to 
the  condenser  is  circulated  through  the  annular  space  between  the  column 
proper  and  the  inner  wall  of  the  vacuum  jacket.  This  tends  to  compensate 


25  Podbielniak,  U.  S.  Pat.  2,009,814. 

26  Podbielniak,  Oil  Gas  J .,  30,  No.  46,  69  (1932). 

27  Martin,  Australia  Council  Sci.  Ind.  Research,  Bull.  No.  197,  p.  11. 

28  Podbielniak,  Ind.  Eng.  Chein.,  Anal.  Ed.,  13,  640  (1941 ). 

29  Simons,  Ind.  Eng.  Chem.,  Anal.  Ed.,  10,  0-18  ( 1938). 
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for  the  residual  heat  leak  of  the  vacuum  jacket,  but  may  also  have  more 
complex  effects.  Podbielniak30  states  that  the  equivalent  number  of 
plates  is  markedly  increased  by  the  introduction  ol  the  aii  circulation 


Fig.  11.  Podbielniak 
low-temperature  col¬ 
umn  with  still  pot 
fused  to  column. 
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I'ig.  12.  Heat  transfer  through  various  jackets.  Ordi¬ 
nate  represents  leakage  of  heat  through  walls  of  vacuum 
jacket,  expressed  in  watts  (1  watt  =  14.34  cal. /min.). 


tht  hl  t  tar  f*aK  ,,gh,  reflux  ratios-  He  “lso  states  that  because 
heat  capacity  of  the  packing  and  column  tube  is  relatively  high  com¬ 
pared  with  the  distilling  capacity  of  small  diameter  Hell-Grid  packings, 

IwfrST*  **"-»*"  G — •  3rd  ed„  Jenkins  Publications,  Los  Angeles’, 
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there  is  a  considerable  saving  in  time  of  distillation  if  dry  air  of  room  tem- 
peratuie  is  cii culated  through  the  annular  space  during  the  period  when  the 
last  of  one  component  is  being  taken  off.  As  shown  in  Figure  14,  auto¬ 
matic  valves  substitute  the  circulation  of  dry  room-temperature  air  for 


Fig.  13.  Low-temperature  column  with  circulation  of  cold  air 
from  condenser  through  Dewar  tube  containing  column. 

cold  air  when  liquid-air  feed  is  cut  off  and  column  temperature  is  rising.31 

Benoliel32  secured  a  controlled  low-temperature  environment  by  en¬ 
closing  the  column  in  a  vacuum  jacket,  and  winding  this  with  resistance 
wire.  A  hollow  copper  cooling  jacket  was  then  placed  around  the  outside, 

3i  Podbielniak,  Analytical  Distillation  and  Its  Application  to  the  Petroleum  Industry 

(available  from  the  author),  Chicago. 

12  Benoliel,  M.S.  Thesis,  Pennsylvania  State  College,  1941. 
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and  cold  methanol  circulated  through  this  at  a  temperature  below  that  de¬ 
sired  in  the  column.  Enough  heat  wras  then  added  by  the  resistance  wiie 
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Kg.  14.  Diagram  of  Supercool  low-temperature  column  showing  circula- 

tion  of  air  through  jacket. 

SO  that  the  temperature  on  the  outside  surface  of  th«  •  , 

the  same  as  that  inside.  1  1  vacuum  jacket  was 
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C.  CONSTRUCTION  OF  STILL  POT 

Many  of  the  early  designs  for  apparatus  had  a  still  pot  which  was  at¬ 
tached  to  the  base  of  the  column  by  means  of  a  standard-taper  ground- 
glass  joint.  This  has  the  advantage  that  still  pots  of  several  sizes  can  be 
used  with  a  single  column  according  to  the  sample  necessary  or  available. 


Fig.  15.  Podbielniak  jacketed  and  unjacketed  still  pots  and  various 


Both  vacuum-jacketed  and  single-wall  still  pots  have  '-en.succesrfully 
used.  Typical  arrangements28  are  shown  in  Figure  • 
the  still  pot  and  column  arc  separate  pieces,  ,t  18  ^abk  to  u  ‘ 
uum-jacketed  standard-taper  joint  at  the  base  of  the  column, 
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gives  less  trouble  with  leaks  at  this  point.  A  lubricant  with  high  graphite 
content  is  recommended.  A  mercury-seal  joint  gives  further  assurance. 

While  the  use  of  a  joint  between  column  and  still  pot  is  practical,  it  is 
preferable  that  it  be  eliminated  and  a  fused  glass  seal  be  used  instead.  This 
has  been  done  as  illustrated  in  Figure  11  and  more  recently  as  in  Figure  14. 
The  latter  arrangement  is  highly  preferable  from  the  point  of  view  of  proper 
insulation  of  the  upper  portion  of  the  still  and  its  connection  to  the  column 
proper.  Such  insulation  is  absolutely  essential  for  the  smooth  operation 
and  high  efficiency  necessary  to  separate  the  various  C4  hydrocarbons. 
McMillan33  noted  that  inadequate  insulation  of  the  upper  portion  of  the 
still  pot  destroyed  the  effectiveness  of  the  lower  15  cm.  of  the  column,  since 
it  was  functioning  merely  to  remove  superheat  from  the  rising  vapor.  He 
also  found  that  use  of  a  Dewar  tube  was  not  sufficient  to  correct  this  dif¬ 
ficulty  but  that  much  improvement  resulted  from  a  double  wrapping  of 
asbestos  cord  about  the  upper  still  pot  plus  the  use  of  a  sufficiently  tall 
Dewar  flask  closed  at  its  upper  end  with  glass  wool  or  cotton.  Such  pre¬ 
cautions  are  not  necessary  when  the  entire  apparatus  is  placed  in  a  large 
Dewar  tube,  nor  when  the  main  vacuum  jacket  extends  down  to  and  below 
the  bottom  of  the  still  pot. 

All  the  more  recent  models  of  columns  have  an  auxiliary  opening  into  the 
still  pot  for  entering  the  sample,  and/or  for  drainage  of  residues  and  for 
cleaning  (see  Figs.  11  and  14).  The  dead  space  in  the  connections  for 
such  an  auxiliary  opening  may  be  eliminated  by  filling  them  with  mercurv 
nearly  to  the  still  itself.  It  is  possible  to  pass  a  sample  into  the  still  pot 
through  the  column,  and  thus  eliminate  additional  openings.  However, 
this  scheme  is  successful  only  wjien  noncondensable  gas  is  nearly  or  en¬ 
tirely  absent  from  the  sample.  Pre-evacuation  is  of  course  required  in  this 
case. 


Early  designs  ol  low-temperature  fractionating  apparatus  controlled  the 
bo.l-up  rate  by  adjusting  the  lev^l  of  the  Dewar  tube  around  the  still  pot 

heatTnnntaPThatU\USMan  resistance  coil  to  supply  the  necessary 

1  •  . 1  hls  ls.  1,llghly  PreferPb>e’  because  irregularities  in  boiling  dis- 

mb  the  balance  of  heat  and  material  flow  in  the  column.  McMillan” 
poited  the  marked  difference  in  results  shown  in  Figure  16,  which  com 

Intern  H  7f  “T  °f  “I!  e'eC,,ic  heater and  by  atmospheric  heat. 

HottT  theg  for3ingi  ^ 

-  jessed 

McMillan,  J.  Inst.  Petroleum  TechnoL,  22,  616  (1936). 
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16.  Comparison  of  the  effect  of  boiling  by  electric  heater  (curve  1)  and  of  “weather¬ 
ing”  (curve  2). 


Most  recent  low-temperature  apparatus  uses  a  cylindrical-shaped  still 
pot  rather  than  spherical,  in  order  to  give  a  better  fit  into  a  vacuum  jacket 
or  Dewar  tube.  It  is  desirable  to  have  an  extension  or  finger  from  the  bot¬ 
tom  of  the  still  pot,  and  to  apply  the  heat  at  this  point.  Such  an  arrange¬ 
ment  keeps  the  entire  heating  section  below  liquid  level  and  gives  uniform 
heat  input  until  all  but  a  small  fraction  of  the  sample  has  boiled  away.  It 
also  reduces  the  possibility  of  overheating  the  charge.  Podbielniak  col¬ 
umns  use  a  re-entrant  tube  for  the  location  of  the  heater  coil.  Typical 
arrangements  are  indicated  in  the  various  figures  given  in  the  preceding  dis¬ 
cussion.  It  is  customary  to  use  a  re-entrant  tube  as  a  thermocouple  well, 
and  to  place  a  drop  counter  at  the  base  of  the  column  or  upper  entrance  to 
the  still  pot. 

D.  CONDENSER  DESIGN  AND  REFRIGERATION 


The  condenser  section  of  every  column  described  in  the  literature  con¬ 
sists  merely  of  a  straight  tube  extension  of  the  column  itself.  In  compara¬ 
tive  experiments,  McMillan33  obtained  sharper  separations  when  the  con¬ 
denser  volume  was  kept  to  a  minimum  and  some  indentations  were  used 
in  the  lower  part.  The  indentations  have  not  been  reported  in  other  col¬ 
umns  but  it  is  standard  practice  to  keep  the  volume  at  a  minimum. 

The  more  important  part  of  condenser  design  relates  to  the  device  for 
distributing  the  refrigerant.  With  few  exceptions  this  device  consists  oi  a 
metal  cylinder,  closed  at  both  ends  except  for  a  central  longitudinal  tube 
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just  large  enough  for  the  glass  condenser  of  the  column  pioper.  lypical 
condensers34  are  shown  in  Figures  17  and  18.  Others  are  shown  in  Figures 
11,  13,  and  14.  It  has  been  found  essential  to  use  a  system  of  baffles  to 
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Kig.  17.  Typical  condenser  designs:  (A)  still  head  of  Booth  and  McNabncy;  (B, 

Podbielniak  cooling  vessel. 

j.  Inst.  Petroleum  Technol.,  22,  638  (1930)’  p  ii  •  .  ,16,  ,132  McMillan, 

(1932).  ’  ’  U936)-  Pbdblelmak,  Oil  Gas  J.,  30,  No.  46,  69 
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random  fluctuations  in  the  temperature  of  the  condenser.  The  alternative 
is  a  more  complex  system  for  supplying  refrigerant  at  a  very  even  rate. 
Martin35  preferred  the  latter  because  it  improved  automatic  control  of  the 
column  pressure.  In  the  designs  of  Rose  and  Podbielniak  the  cold  gas  from 
the  refrigerant  in  the  condenser  is  passed  along  the  packed  section  of  the 
column  in  order  to  maintain  a  suitable  temperature  gradient.  In  other 
designs  this  cold  gas  is  merely  vented  to  the  atmosphere.  Rose36  suggested 
a  semiautomatic  arrangement  for  supplying  refrigerant  to  the  condenser  at 


Fig.  18.  Typical  condenser  design:  McMillan  liquid-air  distributor. 

just  the  right  rate  to  maintain  steady  temperatures.  The  liquid  refriger¬ 
ant  was  forced  from  a  Dewar  flask  by  air  pressure.  1  he  latter  was  con¬ 
trolled  by  escape  of  an  air  stream  through  a  definite  head  ot  water  in  a 
leveling  tube.  Podbielniak  columns  are  fitted  with  entirely  automatic 
devices  for  controlling  the  air  pressure,  which  in  turn  controls  the  refriger¬ 
ant  feed  and  the  condenser  temperature.  Douslin37  has  described  an  auto¬ 
matic  refrigerant  supply  and  pressure-control  device.  He  has  also  de¬ 
signed  a  condenser  that  avoids  erratic  supply  of  refrigerant  and  resultant 
pressure  changes.  A  similar  arrangement  was  used  by  Martin.  Booth 
and  McNabney39  used  a  pressure-control  apparatus  for  a  purification  col¬ 
umn  which  intercepts  injection  of  the  refrigerant  at  a  column  pressure 
higher  than  that  at  which  injection  is  automatically  started.  1  he  result 
is  that  excess  cooling  is  reduced  or  eliminated. 

35  Martin,  Australia  Council  Sci.  Ind.  Research,  Bull.  No.  ID/,  1 1. 

36  Rose,  Ind.  Eng.  Chem.,  Anal.  Ed.,  8,  478  (1936). 

37  Douslin,  U.  S.  Pat.  2,388,312. 

38  Douslin,  U.  S.  Pat.  2,379,953. 

38  Booth  and  McNabney,  Ind.  Eng.  Chem.,  Anal.  Ed.,  16,  131  (1944). 
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The  best  refrigerant  is  liquid  nitrogen.  Liquid  air  always  presents  some 
danger  due  to  the  possibility  of  accidental  mixture  with  combustible  ma¬ 
terial  and  subsequent  ignition  or  explosion.  Other  refrigerants  have  been 
used,  but  are  less  satisfactory  unless  it  is  certain  that  low-boiling  gases  are 
not  present  or  need  not  be  separated.  Podbielniak40  and  Booth  and 
Bozarth41  have  described  apparatus  and  procedure  for  using  carbon  dioxide 
as  a  refrigerant.  These  are  to  be  used  only  for  gases  with  normal  boiling 
points  above  about  —  80  °C.  Lower-boiling  substances  must  be  treated  as 
noncondensable  gases.  Other  articles  have  described  the  use  of  circulating 
fluids  as  refrigerants,  these  being  in  turn  cooled  by  an  ammonia  or  similar 
refrigeration  coil.  Thus  Lucas  and  Dillon42  used  cold  brine;  Kistiakowsky 
et  a/.43  used  ethanol,  and  Benoliel44  methanol  as  condenser  refrigerants. 
The  use  of  such  cooling  systems  is  limited  to  samples  of  not  too  low  boiling 
point. 


E.  MEASUREMENT  OF  PRODUCT  ROILING  POINT 

The  boiling  point  of  the  product  of  a  low-temperature  fractional  distilla¬ 
tion  is  determined  by  a  thermocouple  placed  at  about  the  highest  point  at 
which  liquid  is  present.  In  some  cases  a  thermocouple  well  is  used.  A 
liquid-in-glass  thermometer  has  entirely  too  much  bulk,  heat  capacity, 
and  sensitivity,  and  is  too  limited  in  range  to  yield  anything  like  accurate 
results  on  the  usually  quite  small  samples  distilled. 

The  readings  obtained  from  product  thermocouples  such  as  the  above  are 
used  to  control  the  column  and  are  also  plotted  against  the  volume  of  gase¬ 
ous  product  or  its  equivalent.  The  resulting  curve  (Fig.  3)  forms  the 
basis  for  decisions  as  to  the  composition  of  the  sample  being  distilled.  This 
method  is  entirely  successful  when  the  boiling-point  differences  of  the  com¬ 
ponents^  present  are  large,  as  in  the  separation  of  methane  from  ethane 
ethane  irom  propane,  or  propane  from  isobutane. 

When  the  boiling  points  are  relatively  close,  or  when  the  nature  of  the 
components  is  not  certain,  special  precautions  are  necessary  in  order  to 

Zt  1  Th°e'  Hn4P°:tS  PreT  aDd  aCCUrate  «“*“*«*  avoid  misinterpret 
•  non.  The  difficulties  in  determining  boiling  points  in  ordinary  batch 

ractionation  above  room  temperature  are  well  known.  It  is  surprising 

eed  that  so  much  use  has  been  made  of  boiling  points  in  low-temperature 

irrxz  ^zo!crr  Gz and 

Meeting,  1933.  Alr>  Am-  Chem.  Soc.,  Chicago 

*'  ?°0th  and  Bozarth-  Ind.  Eng.  Chem.,  29,  470  (1937) 

43  !^casand  |)lllon-  J-  A»>-  Chem.  Soc.,  50,  1460  (1928) 

«  £££t£b  c,r- Sor-  ». »» ( urn). 

’  M'S*  1  hesis>  1  ennsylvania  State  College,  1941. 
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distillation  apparatus.  The  N.  G.  A.  A.  procedure48  directs  that  the  ther¬ 
mocouple  junction  should  be  two-thirds  of  the  condenser  length  down  from 
the  top  of  the  condenser,  and  the  junction  should  not  touch  the  walls  of 
the  tube  or  the  packing.  If  a  thermocouple  well  is  used  it  must  be  similarly 


located  and  the  junction  must  touch  the  end  of  the  well.  Podbielmak  has 
tested  various  devices,  including  a  multiple-junction  thermocouple,  a  spe¬ 
cial  design  of  the  upper  8  in.  of  the  column,  and  a  commutating  multiple- 
thermocouple  arrangement.  One  important  source  of  erratic  boiling  pom 
values46  is  the  instability  of  the  uppermost  vapor  condensation  ring  ol  the 


«  Natural  Gasoline  Association  of  America.  N.G.  A.  A.  Recommended 
Analysis  of  Saturated  Hydrocarbon  Gases  by  Loro  Temperature  Fractronal  Drstdlairo  , 

Tlii8poS’nfat'  Analytical  Distillation  and  Its  Application  to  the  Petroleum  Industry 
(available  from  the  author),  Chicago,  pp.  9-11. 
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reflux.  Tills  wanders  above  and  below  the  junction  of  a  single  thermo¬ 
couple  Figure  19  (Helitronic  record)  illustrates  the  results  with  the  specia 
arrangement  consisting  of  several  independent  thermocouple  junctions 
placed  at  about  Vs-hi.  intervals.  A  commutation  device  rapidly  connects 
each  of  these  in  turn  to  an  expanded  range  temperature  recorder,  and  the 
lowest  temperature  is  taken  as  correct.  The  Hyd-Robot  record  is  from  a 
single  thermocouple.  It  is  surprising  that  there  has  been  so  little  develop¬ 
ment  of  other  properties  than  boiling  point  to  measure  the  composition  of 
product  at  the  head  of  a  low-temperature  column. 


F.  REMOVAL  OF  PRODUCT 

It  is  nearly  universal  practice  to  remove  product  from  a  low-temperature 
column  from  the  top  of  the  condenser.  When  the  gaseous  product  is  col¬ 
lected  in  an  evacuated  receiver  (see  Sect.  G  below),  the  rate  of  take-off  is 
controlled  by  a  stopcock  or  valve,  which  may  be  manually  or  automatically 
controlled.  In  either  case  the  valve  adjustments  must  avoid  sudden 
changes  in  column  pressure.  For  those  cases  in  which  gaseous  product  is 
collected  in  a  buret  over  some  confining  liquid,  the  rate  of  take-off  is  best 
controlled  by  the  rate  at  which  the  confining  liquid  leaves  the  buret.  The 
pressure  of  the  gas  is  then  the  same  in  the  buret  as  in  the  column. 

Benoliel44  describes  pressure  apparatus  in  which  distillate  is  removed  as 
liquid,  after  all  vapor  is  condensed  in  a  total  condenser.  Simons47  also 
uses  a  total  condenser  in  a  pressure  column,  and  the  liquid  product  passes 
out  through  a  collection  cup  and  U-tube  (Fig.  20).  This  column  has  no 
stopcocks  and  the  rate  of  take-off  is  controlled  by  a  heater  on  the  side  of 
the  U  outside  the  column.  This  controls  the  rate  of  evaporation  to  an 
auxiliary  vessel.  Rose48  designed  a  column  with  side  arm  for  removing 
gaseous  product  either  just  below  the  condenser,  or  from  the  top  of  the 
condenser.  Welshans49  compared  the  two  designs  and  found  that  take-off 
through  the  top  gave  somewhat  sharper  separation,  particularly  at  higher 
reflux  ratios.  He  also  reported  that,  smooth  operation  was  much  more 
easily  attained  with  product  take-off  below  the  condenser,  whereas  con¬ 
siderable  experience  and  constant  attention  were  required  to  get  good  re¬ 
sults  with  take-ofi  through  the  top  of  the  condenser.  Automatic  control 
equipment  such  as  is  commonly  used  is  certainly  the  equivalent  of  experi¬ 
ence  and  eliminates  the  need  for  constant  attention.  However,  for  cir¬ 
cumstances  in  which  such  controls  are  not  available  and  experience  has  not 

been  obtained,  the  product  take-off  below  the  condenser  is  worthy  of  serious 
consideration. 

Simons,  Ind.  Eng.  Chem.,  Anal.  Ed.,  10,  30  (1938). 

4h  Rose,  Ind.  Eng.  Chem.,  Anal.  Ed.,  8,  478  (1936). 

49  Welshans,  B.S.  Thesis,  Pennsylvania  State  College,  1939. 
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Regardless  of  the  type  of  product  take-off  device,  it  is  important  that  the 
\  offline  of  the  condenser  and  the  connecting  tubing  to  the  manometers 
and  product  collection  bottle  be  as  small  as  possible.  McMillan"  showed 
that  dead  spaces  oi  this  type  caused  serious  inaccuracies  in  analyses  for  the 


lightest  and  heaviest  components.  In  Podbielniak’s  columns  the  Heli- 
Grid  packing  extends  almost  to  the  upper  end  of  the  condenser,  even  though 
the  product  thermocouples  are  approximately  opposite  the  lower  end  of  the 
condenser.  McMillan  recommends  the  use  of  Y-type  manometers  so  that 
the  dead  space  in  the  closed  end  of  the  manometer  can  be  almost  entirely 
eliminated.  It  is  advisable  to  place  a  check  valve  or  float  valve  to  pro\  ent 
mercury  from  accidentally  entering  the  column  manifold. 

50  McMillan,  J.  Inst.  Petroleum  Technol.,  22,  G21  (4936). 
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G.  COLLECTION  AND  MEASUREMENT  OF  PRODl  <  I 

Product  is  most  frequently  collected  by  passing  it  in  a  gaseous  form  into 
an  evacuated  receiver  bottle  which  is  maintained  at  constant  temperature 
(±0.2°C.)  by  a  thermostat.  The  quantity  of  product  can  be  measured 
directly  by  noting  the  pressure  in  the  system,  provided  the  volume  has  been 
determined.  In  some  instances  a  second,  smaller  bottle  is  used  to  secure 


10  18  26  34 


TEMPERATURE.  °C. 

1*  ig-  21.  Vapor  pressure  of  water  over  saturated  salt 

solution. 


greater  sensitivity  when  small  gas  samples  are  distilled.  Collection  bottles 
used  range  in  size  from  1  to  5  liters.  They  should  be  carefully  calibrated 
b\  detei mining  the  water-weight  capacity  at  a  known  temperature  and  by 
measurement  ot  the  pressure  rise  when  a  known  volume  of  gas  is  admitted 
to  the  system  from  a  calibrated  buret. 

It  is  also  possible  to  collect  the  gaseous  product  in  fractions  by  displacing 
a  confining  liquid  in  a  buret  of  100  to  500  ml.  capacity,  using  a  water  jacket 
held  to  constant  temperature.  In  this  case  the  rate  of  withdrawal  of  prod¬ 
uct  is  best  controlled  by  the  rate  of  flow  of  the  confining  liquid  from  the 
buro  .  It  ,8  convenient  to  have  at  least  two  burets  so  that  when  one  is 
filled  « ,th  product  the  flow  may  be  diverted  to  the  second.  Fractions  may 
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H'  1  a  nsferred  to  bottles  or  other  storage  containers,  or  to  auxiliary  analysis 
apparatus.  1  his  procedure  requires  choice  of  a  suitable  confining  liquid 
for  use  in  the  buret,  and  herein  lies  the  chief  disadvantage  of  this  method, 
x  lercury  is  eminently  suitable  because  gases  do  not  dissolve  in  it,  How- 
e\ei,  it  is  too  expensive  and  heavy  to  be  convenient  for  use  in  the  rela¬ 
tively  large  volumes  required.  Nearly  saturated  salt  solution  containing 
1%  sulfuric  acid,  or  50%  glycerol  solution  is  satisfactory  for  some  purposes, 
but  use  of  such  confining  liquids  requires  preliminary  experiments  to  deter¬ 
mine  solubility  corrections  or  to  establish  that  they  are  negligible.  Correc¬ 
tions  for  the  presence  of  water  vapor  (Fig.  21)  are  also  required  in  many 
cases. 


When  distillation  is  for  the  purpose  of  purification  rather  than  analysis, 
product  is  advantageously  collected  as  liquid  or  solid  in  refrigerated  bulbs 
as  described  by  Booth  and  Bozarth51  and  by  Shepherd.52 


H.  AUXILIARY  APPARATUS  FOR  ANALYSIS 

Ihe  simplest  type  of  low-temperature  distillation  apparatus  depends 
entirely  on  observation  of  the  temperature  at  the  head  of  the  column  for 
interpretation  of  the  results.  There  are,  however,  many  instances  in  which 
this  is  inadequate.  In  such  cases  it  is  necessary  to  transfer  a  portion  or  all 
of  each  fraction  of  gaseous  product  from  the  collection  bottle  or  buret  to  an 
auxiliary  apparatus.  This  may  be  done  in  several  ways.  If  the  fraction  is 
in  a  buret  over  a  confining  liquid  it  is  merely  necessary  to  reverse  the  posi¬ 
tion  of  the  three-way  stopcock  at  the  top  of  the  buret  to  connect  with  the 
auxiliary  apparatus,  and  raise  the  confining  liquid  to  the  desired  extent. 
If  the  fraction  to  be  further  analyzed  is  in  an  evacuated  bottle  receiver,  it  is 
usually  necessary  to  use  a  Toepler  pump  of  some  kind  for  the  transfer.  In 
other  cases  the  sample  may  be  transferred  by  distillation  to  a  refrigerated 
bulb  attached  to  the  auxiliary  apparatus.  In  such  instances  it  is  important 
that  the  entire  sample  be  transferred  without  partial  evaporation  or  con¬ 
densation  that  will  modify  the  composition. 

Perhaps  the  most  frequently  encountered  auxiliary  is  ordinary  Orsat 
absorption  apparatus  for  the  determination  of  oxygen,  carbon  monoxide,  or 
unsaturated  substances.  C  losely  related  is  the  special  apparatus  for  de¬ 
termining  isobutylene  by  combination  with  hydrogen  chloride53  and  buta¬ 
diene  by  reaction  with  maleic  anhydride.54 

61  Booth  and  Bozarth,  Ind.  Eng.  Chem.,  29,  470  (1937). 

62  Shepherd,  ./.  Research  Natl.  Bur.  Standards,  26,  227  (1941). 

53  Universal  Oil  Products  Co.,  U.  0.  P.  Laboratory  Test  Methods  for  Petroleum  audits 
Products,  Chicago,  1947.  McMillan,  Ind.  Eng.  Chem.,  Anal.  Ed.,  9,  511  (1937). 

5<  Handbook  Butane-Propane  Gases,  3rd  ed.,  Jenkins  Publications,  Los  Angeles,  1947, 
pp.  56-57.  See  also  Tropsch  and  Mattox,  Ind.  Eng.  Chem.,  Anal.  Ed.,  6,  104  (1934). 
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A  gas-density  balance56  is  a  valuable  accessory  to  any  low-temperature 
distillation  unit,  A  means  of  measuring  vapor  pressure  is  equally  useful 
(see  Booth  and  Bozarth51).  Freezing-point  determinations51  require  more 
complex  apparatus.  Benoliel06  describes  a  modified  Spencer  Abbe  refrac- 
tometer  for  measuring  refractive  indices  down  to  —  60  °C.  and  also  special 
dilatometers  for  density  measurements  to  the  same  temperature.  1  here 
has  been  very  limited  use  of  physical  properties  such  as  thermal  conduc¬ 
tivity  for  auxiliary  analysis  in  low-temperature  fractionation.  Spectro- 
graphic  methods  are  well  known. 


I.  APPARATUS  FOR  SAMPLING  AND  FOR  PRETREATMENT  OF  SAMPLE 

The  details  just  discussed  are  meaningless  unless  the  original  mixture 
has  been  properly  sampled  and  transferred  into  the  distillation  apparatus. 
For  instance,  stratification  must  always  be  kept  in  mind  as  a  possible  cause 
of  samples  that  are  not  representative.  The  sampling  of  completely  gase¬ 
ous  mixtures  is  a  relatively  simple  matter,  requiring  only  the  usual  precau¬ 
tions  to  avoid  contamination  from  air,  or  from  materials  previously  present 
in  the  sample  container  or  distillation  apparatus.  The  most  satisfactory 
arrangement  is  to  connect  the  duct  or  gas  holder  or  other  source  of  sample 
directly  to  the  inlet  end  of  the  distillation  apparatus,  evacuate  or  purge  the 
connections,  and  enter  the  sample.  It  is  more  often  necessary  to  transfer 
the  sample  to  a  container  of  some  sort,  transport  this  to  the  site  of  the  ap¬ 
paratus,  and  then  make  a  second  transfer.  When  the  transfer  is  made 
from  a  duct  or  gas  holder,  it  is  best  to  use  a  sample  container  with  valves 
at  each  end,  so  that  purging  may  be  thorough.  The  valves  are  finally 
closed  with  the  sample  under  slight  pressure.  Transfer  from  such  a  con¬ 
tainer  usually  requires  the  use  of  a  Toepler  pump.  The  transfer  can  also 
be  achieved  by  complete  liquefaction  of  the  sample  in  the  still  pot  of  the 
distillation  apparatus,  if  the  sample  contains  only  easily  liquefiable  com¬ 
ponents,  so  that  the  final  vapor  pressure  is  negligible.  It  is  of  critical  im¬ 
portance  in  any  case  that  all  stopcocks  and  connections  be  vacuum  tight. 

. ransfer  h  om  a  sample  container  such  as  the  above  may  also  be  carried 
out  by  introducing  a  confining  liquid  into  the  bottom  of  the  sample  tube. 
J  he  N.  G.  A.  A.51  suggests  15%  sodium  chloride  in  water.  Care  must  be 
taken  to  avoid  introducing  air  which  might  be  trapped  near  the  stopcock 

n,Li!mP  I"g  °Perf10ns  Wlth  Sase°us  mixtures  should  be  made  through 
p  ‘on  giound  glass  stopcocks  or  diaphragm  valves,  and  with  full  recog¬ 
nition  of  the  possibility  of  leaks  when  rubber  connections  are  used. 

65  Edwards,  A  atl.  Bur.  Standards  Tech.  Paper  89  (1917) 

57  Np11®1’  ft  7'.hesis>  Pennsylvania  State  College,  1941. 

N.  G.  A.  A.  Publication  1146. 
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Samples  ot  liquefied  gas  are  considerably  more  difficult  to  deal  with  than 
completely  gaseous  samples,  because  of  the  changes  in  composition  that 
occur  by  partial  evaporation  or  condensation  during  handling.  It  is  im¬ 
possible  to  give  specific  directions  for  such  cases  because  of  the  many  cir¬ 
cumstances  under  which  transfer  of  samples  may  occur.  The  essential 
point  is  that  a  liquid  sample  in  a  tank  or  pipeline  must  be  transferred  into 
the  still  pot  without  appreciable  evaporation.  Sample  containers  should 
be  of  metal  with  diaphragm  valves  at  each  end,  and  should  meet  all  safety 
regulations  for  use  with  the  pressures  to  be  encountered.  Connecting 
lines  should  be  of  metal  up  to  the  point  in  the  distillation  apparatus  where 
the  refrigerant  cools  the  sample  and  reduces  pressure.  Pressure  gages 
should  be  connected  to  the  cylinder  unless  pressures  are  definitely  known 
from  the  previous  history  of  the  sample. 

The  best  way  to  fill  a  sample  container  is  first  to  evacuate  the  container 
and  then  connect  it  directly  to  the  source  of  the  sample.  In  general  the 
first  portion  should  be  discarded  as  not  being  representative.  The  above 
evacuation  procedure  causes  the  sample  container  to  be  completely  filled 
with  the  liquid  sample.  It  is  therefore  best,  after  disconnecting  the  con¬ 
tainer  from  the  connecting  tubing,  to  allow  a  few  milliliters  of  liquid  sample 
to  escape  from  the  lower  valve.  This  will  avoid  leakage  or  bursting  of  the 
container  due  to  expansion  of  the  liquid  from  a  rise  in  temperature  subse¬ 
quent  to  the  completion  of  the  sampling  operation. 

A  sample  container  may  also  be  filled  by  allowing  the  sample  material  to 
flow  in  one  valve  and  out  the  other  to  purge  the  container  and  connecting 
lines.  Safe  and  suitable  disposition  of  the  effluent  must  of  course  be  pro¬ 
vided.  Direct  filling  without  evacuation  or  purging  is  sometimes  used, 
but  always  results  in  some  contamination  due  to  air. 

The  preferred  method  for  transfer  of  a  liquid  sample  into  the  still  pot 
of  a  column  is  to  use  a  small-diameter  metal  tube  passing  through  a  cooling 
bath  to  a  suitable  valve.  Before  refrigerant  is  placed  in  the  cooling  bath, 
the  line  is  purged  and  filled  with  liquid  sample.  A\  ith  valve  closed,  the 
line  is  then  attached  to  the  column,  and  the  connecting  tubing  and  the 
column  evacuated.  Refrigerant  is  then  applied  to  the  cooling  bath  and  to 
the  column  still  pot.  When  the  connecting  valve  is  opened  the  sample  is 
cooled  sufficiently  in  the  cooling  coil  so  that  it  flows  to  the  still  pot  as  liquid 
without  appreciable  evaporation.  It  is  of  course  necessary  to  avoid  use  of 
excess  refrigerant,  which  would  freeze  the  sample,  restrict  the  flow,  and 
cause  composition  changes.  Simpler  methods  of  transfer  are  often  use 
without  serious  errors,  but  these  require  good  judgment  as  to  the  magni¬ 
tude  of  the  losses  or  changes  in  composition. 

Any  low-temperature  fractionating  apparatus  should  have  the  in  c 
sample  line  equipped  with  a  pressure  gage  and  an  arrangement  for  removing 
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moisture,  carbon  dioxide,  hydrogen  sulfide,  or  other  gases  that  will  solidify. 
The  presence  of  water  can  also  cause  erratic  behavior  and  poor  separation 
of  the  unsaturated  C:i  and  C4  hydrocarbons  due  perhaps  to  the  formation  ot 
hydrates.  Podbielniak58  has  stated  that  such  “hydrates”  are  not  neces¬ 
sarily  decomposed  by  any  drying  agents. 

Before  choosing  a  drying  agent  for  an  unknown  sample,  preliminary  ex¬ 
periments  may  he  needed  to  make  sure  there  is  not  a  complicating  reaction 
or  preferential  adsorption.  Thus  olefin  gases  are  polymerized  by  phos¬ 
phorus  pentoxide.  Absolute  ethanol  can  sometimes  he  used  for  the  dual 
purpose  of  chaser  and  dehydrating  agent.  However,  it  does  form  azeo¬ 
tropes  with  pentanes,  and  interferes  with  their  separation  from  one  another 
and  from  hexanes.  Other  alcohols  are  free  from  this  disadvantage  and  will 
also  remove  water.  The  problem  of  hydrate  removal  is  complex  and  still 
not  clearly  understood  (Podbielniak,  private  communication).  Solid  ab¬ 
sorbents  are  preferable  to  liquids,  although  solutions  of  potassium  or 
sodium  hydroxide  have  been  used  to  absorb  carbon  dioxide.  Ascarite  is 
satisfactory  for  this  purpose.  Water  vapor  may  be  removed  with  calcium 
chloride,  sodium  sulfate,  calcium  sulfate,  or  phosphorus  pentoxide.  The 
last  cannot  be  used  with  gases  containing  olefins,  aromatic  hydrocarbons, 
or  naphthenes.  Podbielniak  reports  that  calcium  chloride  absorbs  olefins 
and  that  barium  oxide  is  the  best  absorbent.  Magnesium  perchlorate  has 
also  been  used  as  a  dehydrating  agent.  The  N.  G.  A.  A.57  suggests  use  of 
calcium  chloride,  Ascarite,  and  Drierite  in  this  order  for  purification  of 
saturated  hydrocarbon  gases  prior  to  liquefaction  and  distillation.  The  use 
of  indicating  varieties  of  drying  agents  to  give  warning  of  exhaustion  is  to  be 
recommended. 

Burrell  and  Guild59  have  described  the  use  of  a  salt-activated  charcoal  to 
adsorb  higher-boiling  hydrocarbons  from  a  sample  prior  to  distillation. 
These  higher  hydrocarbons  are  then  desorbed,  condensed,  and  measured. 


2.  Procedure 

It  cannot  be  too  strongly  emphasized  that  smoothness  of  operation 
meaning  absence  of  sudden  changes  in  boil-up  rates,  take-off  rates,  or  rate 
«  heat  input  or  refrigeration,  is  of  major  importance  in  successful  operation 
o  any  distillation  apparatus  involving  close  separations.  This  is  consid¬ 
erably  more  difficult  to  achieve  with  low-temperature  apparatus  than  when 
operating  at  and  above  room  temperature.  Although  use  of  automatic 
and  semiautomatic  controls  has  greatly  reduced  the  possibilities  of  sudden 

(i;rielniak'  ™Cal  RUU ■  N°-  m-  FrOSt  “d  Oil  Gas  J„  45,  No.  12,  170 

69  Burrell  and  Guild,  U.  S.  Pat.  2,399,095. 
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changes  in  operating  conditions,  it  is  still  very  true  that  experience  and 
understanding  are  essential  in  low-temperature  fractionation.60 


A.  GENERAL  OPERATING  PROCEDURE 

Since  specific  operating  procedures  are  available  for  use  with  commercially 
supplied  apparatus,  and  for  special  types  of  mixtures,  the  following  dis¬ 
cussion  is  confined  to  details  of  a  general  procedure.  These  will  be  de¬ 
scribed  in  terms  of  the  hydrocarbons  present  in  natural  and  refinery  gases, 
since  they  are  the  most  frequently  encountered  and  are  also  illustrative  of 
the  less  common  gaseous  mixtures.  Unless  otherwise  stated,  the  use  of  a 
partial  condenser  is  to  be  assumed.  Operation  is  usually  at  or  near  atmos¬ 
pheric  pressure,  but  it  is  frequently  necessary  to  distil  at  reduced  pressure 
when  components  are  encountered  which  boil  above  or  slightly  below  or¬ 
dinary  room  temperature. 

Preliminary  Operations.  Preliminary  operations  include  the  cleaning 
and  greasing  of  stopcocks,  the  introduction  of  clean  mercury  into  man¬ 
ometers,  and  replacement  of  reagents  for  removing  water  and  carbon  di¬ 
oxide  from  gas  samples.  Other  steps  include  checking  the  thermostat 
bath  temperature,  the  thermocouple  cold  junction,  and  various  electrical 
equipment.  Any  containers  for  storing  product  fractions  should  also  be 
cleaned  and  prepared  for  use.  It  may  occasionally  be  necessary  to  clean 
the  column  packing  itself,  either  by  disassembly  or  by  a  suitable  solvent 
or  reagent.  It  should  be  noted  that  if  alcohol  has  been  present  it  is  danger¬ 
ous  to  clean  with  nitric  acid,  since  a  fulminate  may  be  formed. 

The  preliminary  operation  of  greatest  importance  is  a  careful  check  for 
leaks  over  the  entire  apparatus.  This  is  best  done  by  evacuating  the 
apparatus  and  letting  it  stand  overnight  or  for  at  least  an  hour  before  use. 
There  should  not  be  a  readable  increase  in  pressure  during  the  test  period. 
The  use  of  a  low-ratio  McLeod,  Pirani,  or  other  similar  gage  greatly  reduces 
the  time  required  for  the  leak  test. 

Entering  the  Sample.  The  various  operations  involved  in  entering 
the  sample  have  already  been  discussed  in  connection  with  the  description 
of  the  apparatus.  Older  types  of  apparatus  often  required  introduction  of 
sample  through  the  top  of  the  column  and  this  was  difficult  when  there  was 
a  considerable  proportion  of  low-boiling  gas  present.  Modern  apparatus 
introduces  the  sample  directly  into  the  still  pot,  so  that  noncondensable 
gases  pass  up  the  column  and  are  collected  in  the  product  receiver  as  a  - 
ready  described.  If  there  is  any  possibility  that  a  gaseous  sample  has 
undergone  partial  condensation  while  confined  to  a  sample  container,  the 

so  Savelli,  Seyfried,  and  Filbert,  Ind.  Eng.  Chem.,  Anal.  Ed.,  13,  868  (1941). 
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entire  container  should  be  warmed  to  15  °C.  above  the  temperature  of 
collection  of  the  sample  before  any  part  is  removed  to  the  column. 

In  general  the  size  of  a  sample  should  be  as  small  as  is  possible,  since  this 
will  reduce  the  time  required  for  the  distillation.  However,  it  is  doubtful 
if  less  than  100  ml.  (gaseous)  of  a  component  can  be  detected  with  assur¬ 
ance,  and  certainly  such  small  amounts  cannot  be  estimated  quantita¬ 
tively. 

There  should  be  a  separate  pressure-indicating  device  on  the  inlet  sample 
line,  and  this  should  be  checked  during  and  particularly  at  the  end  of  the 
sampling  procedure  to  make  sure  its  pressure  reading  is  substantially  the 
same  as  the  manometer  connected  to  the  head  of  the  column.  There  is 
always  a  possibility  that  a  plug  of  frozen  water,  carbon  dioxide,  or  even 
butanes  (freezing  point  about  — 125  °C.)  may  form  in  the  upper  part  of  the 
column.  Such  a  plug  is  especially  likely  to  occur  with  samples  containing 
air  and  C4  hydrocarbons  without  lower-boiling  hydrocarbons.  A  frozen 
plug  can  of  course  cause  trouble  due  to  rising  pressures  as  the  still-pot 
contents  warm  up.  The  plug  not  only  blocks  the  exit  from  the  lower  por¬ 
tion  of  the  column,  but  prevents  any  indication  of  the  rising  pressure  on  the 
column  manometer.  Difficulty  from  this  score  can  be  avoided  by  allow¬ 
ing  the  stopcocks  and  valves  connecting  the  still  pot  to  the  sample-line 
manometer  to  remain  open  for  a  short  time  after  the  sample  is  entered, 
until  the  absence  of  a  plug  is  assured. 

Establishing  Initial  Reflux.  Venting  of  Noncondensable  Gases. 
The  procedure  for  entering  the  sample  involves  cooling  the  still  pot  suf¬ 
ficiently  so  that  pressure  in  the  system  remains  less  than  atmospheric. 
If  methane  or  any  lower-boiling  gases  are  present,  it  will  be  difficult  or 
impossible  to  keep  the  pressure  down.  In  any  case  refrigerant  should  be 
applied  to  the  condenser  simultaneously  with  its  application  to  the  still 
pot.  If  the  condenser  is  cooled  to  liquid-nitrogen  temperature,  the  methane 
will  condense.  A  continued  rise  in  pressure  as  more  sample  enters,  with 
the  condenser  at  or  near  liquid-nitrogen  temperature,  indicates  the  presence 
of  appreciable  nitrogen,  oxygen,  hydrogen,  or  other  low-boiling  gases 

The  proper  procedure  is  to  allow  these  noncondensable  gases  to  escape 
slow  y  into  a  product  receiver.  However,  this  must  be  done  only  while  the 
condenser  is  kept  at  constant  low  temperature  (below  —  170°C.)  by  con¬ 
tinual  application  of  refrigerant.  It  is  also  essential  to  allow  the  still  pot 
to  warm  up  somewhat,  so  that  some  reflux  liquid  is  formed  in  the  condenser 

the  lenvlltm  7 '  ™8  refluX  should  be  visible  for  at  least  half 

he  length  of  the  column  and  pressure  variations  should  not  exceed  50  mm 

from  atmospheric.  Under  these  conditions  none  of  the  Wgher-bofling 

ydrocarbons  (ethylene,  ethane,  or  other  components  of  similfr  or  highet 

ng  pom  wi  escape  with  the  noncondensable  gases  and  only  a  mini- 
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mum  of  methane  will  be  carried  with  them.  Starr  et  al ,61  reported  that  as 
much  as  250  cc.  per  minute  could  be  entered  into  a  Podbielniak  Hyd  Robot 
column  without  contaminating  the  noncondensable  gases  with  ethane  or 
ethylene.  Their  samples  contained  50  to  75%  noncondensable  gases. 
Product  should  not  be  removed  unless  the  pressure  is  above  atmospheric. 
The  completion  of  the  removal  of  this  first  fraction  will  be  indicated  by  a 
tendency  lor  the  pressure  to  drop  in  spite  of  continued  boiling  in  the  still 
pot.  When  it  is  apparent  that  the  pressure  will  no  longer  rise  above  at¬ 
mospheric,  the  rate  of  refrigerant  supply  should  be  reduced  slightly  so  that 
the  temperature  of  the  condenser  rises  to  the  normal  boiling  point  of 
methane.  This  marks  the  end  of  the  noncondensable  fraction.  If  fur¬ 
ther  information  on  this  fraction  is  desired,  it  must  be  transferred  to  an 
auxiliary  apparatus  for  density  determination,  Orsat  analysis,  or  similar 
operations.  If  no  further  information  is  desired  it  is  merely  necessary  to 
note  the  receiver  pressure  or  the  volume  of  product  collected  up  to  this 
point  in  the  analysis. 

Separation  of  Methane  Fraction.  If  appreciable  methane  is  present, 
the  pressure  will  rise  as  the  condenser  temperature  rises  after  the  non¬ 
condensable  fraction  is  removed.  If  the  pressure  does  not  reach  at¬ 
mospheric  when  the  condenser  is  at  the  normal  boiling  point  of  methane, 
the  latter  is  presumably  absent.  In  this  case  the  condenser  is  allowed  to 
warm  up  until  the  pressure  does  rise  to  atmospheric. 

If  methane  is  present,  condenser  temperature  must  be  closely  controlled 
to  check  the  rising  pressure.  After  the  column  is  operating  smoothly  with 
reflux  visible  throughout  its  length,  product  should  be  withdrawn  into  the 
receiver.  During  this  operation  the  pressure  in  the  column  should  remain 
near  atmospheric  and  the  temperature  at  the  normal  boiling  point  of  meth¬ 
ane.  For  hydrocarbon-gas  analysis  the  rate  of  withdrawal  may  be  as  high 
as  150  cc.  per  minute  since  the  separation  from  the  next  higher  boiling 
component  (ethylene  or  ethane)  is  relatively  easy.  The  N.  G.  A.  A.57 
procedure  specifies  that,  if  the  temperature  rises  as  much  as  2°C.,  take-off 
rate  must  be  decreased.  Its  procedure  allows  pressure  variations  of  25 
mm.  but  it  is  far  better  if  these  are  eliminated.  When  most  of  the  methane 
is  removed,  the  pressure  will  have  a  tendency  to  drop  and  the  rate  of  take¬ 
off  should  be  decreased  to  5  cc.  per  minute. 

The  still-pot  contents  should  be  kept  boiling  at  all  times.  The  column 
will  probably  flood  at  some  time  during  the  removal  of  noncondensable 
gases  or  methane.  If  it  does  not,  or  if  noncondensable  gases  and  methane 
are  absent,  the  column  should  be  purposely  flooded  at  some  time  prior  to 
commencing  the  more  difficult  separations.  Flooding  can  be  achieved  by 

61  Starr,  Anderson,  and  Davidson,  Anal.  Chem.,  19,  409  (1947). 
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increasing  the  heat  input  to  the  still  and  stopped  by  the  reverse  operation. 
It  is  essential  that  no  product  be  removed  during  flooding,  and  that  smooth 
operation  be  established  for  at  least  15  minutes  after  flooding,  before  any 
v  separation  except  that  of  methane  from  ethane  is  attempted.  In  this  last 
case  the  interval  may  be  reduced  to  5  minutes. 

The  temperature  of  the  condenser,  pressure  in  the  column,  and  pressure 
or  volume  in  the  receiver  should  be  recorded  periodically  duiing  the  le- 
moval  of  the  methane  fraction,  and  these  readings  should  be  taken  more 
frequently  as  the  end  of  the  fraction  is  reached. 

Separation  of  Intermediate-Boiling  Fractions  (C2  from  C3,  C3  from  C4). 
The  general  procedure  follows  that  already  described  for  noncondensable 
gases  and  methane.  The  heat  input  to  the  still  pot  should  be  measured 
with  an  ammeter,  and  will  vary  with  the  diameter,  height,  and  packing  in 
the  column.  For  columns  in  which  the  still  pot  is  vacuum  jacketed,  the 
heat  input  can  usually  be  maintained  constant  for  most  of  a  distillation.  In 
this  connection  Podbielniak  has  shown62  that  constant  heat  input  to  the 
column  causes  the  formation  of  hydrocarbon  vapor  at  practically  the  same 
rate  for  methane  to  butane,  inclusively.  Variations  in  heat  input  should 
be  as  small,  as  gradual,  and  as  infrequent  as  possible  since  they  always 
disturb  smooth  operation  and  result  in  poorer  separation  and  waste  of 
time. 


A  separation  such  as  that  of  methane  from  ethane  or  ethylene  is  naturally 
very  sharp,  but  even  in  this  case  it  is  highly  desirable  to  decrease  the  rate 
of  take-off  to  nearly  zero  (not  over  5  cc.  per  minute)  as  the  last  of  the  meth¬ 
ane  is  removed.  This  higher  reflux  ratio  will  aid  sharp  separation  and  also 
will  allow  time  for  the  lower-boiling  component  to  work  its  way  to  the  top 
of  the  column.  As  soon  as  it  is  certain  that  the  pressure  in  the  column  will 
continue  to  decrease  and  remain  below  atmospheric  if  product  is  removed,  the 
condenser  temperature  is  allowed  to  rise,  and  when  column  pressure  reaches 
atmospheric,  product  removal  is  again  commenced.  Readings  are  taken 
frequently  during  this  transition  from  one  component  to  the  next  higher 
boiling  substance.  Particular  care  is  taken  to  obtain  readings  at  and  near 
t  e  midpoint  in  temperature.  In  some  cases  it  is  desirable  to  change  re¬ 
ceivers  at  this  point.  This  must  be  done  without  upsetting  column  opera- 
ion  m  any  way.  For  more  difficult  separations  it  is  preferable  to  change 
receivers  along  a  plateau.  It  is  extremely  important  that  there  be  no 
sut  den  changes  as  the  end  of  a  plateau  is  reached.  Thus  addition  of  excess 
re  iigerant  will  result  in  decrease  in  pressure,  collection  of  excess  liquid  in 
the  condenser,  and  subsequent  poor  separation. 

The  separation  of  ethylene  (b.p.  -104°C.)  and  ethane  (b.p.  -89°C  ) 
Chapter  4^°°^  <*““■  3rd  ^nkins  Publications,  Los  Angeles,  1947, 
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is  not  exceedingly  difficult  but  it  is  seldom  attempted  because  time  can  be 
saved  by  collecting  the  two  components  in  one  fraction  and  then  deter¬ 
mining  the  proportion  of  each  by  Orsat  analysis  of  the  entire  fraction. 
I  he  separation  ol  ethane  from  propylene  or  propane  is  sharp  because  of 
the  large  boiling-point  difference,  and  the  same  is  true  of  the  propane - 
isobutane  separation.  The  propane-propylene  separation  is  avoided  be¬ 
cause  of  the  nearly  identical  volatilities,  and  because  Orsat  analysis  of  a 
fraction  containing  these  two  hydrocarbons  is  simple.  The  analysis  of 
mixtures  containing  the  several  saturated  and  unsaturated  C4  hydrocarbons 
requires  both  a  high  degree  of  fractionation  and  the  use  of  auxiliary  methods 
of  analysis  on  fractions  containing  two  or  three  components.  Sharp  separa¬ 
tion  of  these  C4  hydrocarbons  and  the  preparation  of  pure  samples  by  dis¬ 
tillation  is  of  even  greater  difficulty. 

The  time  required  for  a  naturally  sharp  separation  such  as  methane- 
ethane  may  be  as  little  as  5  minutes,  but  for  closer-boiling  components  an 
hour  or  more  may  be  needed,  depending  upon  the  efficiency  of  the  column 
and  the  boiling-point  difference.  For  the  easier  separations  the  controlling 
factor  seems  to  be  the  rate  of  temperature  rise  of  the  column  itself. 

The  N.  G.  A.  A.  method63  for  saturated  hydrocarbon  gases  specifies  the 
limits  shown  in  Table  III  in  its  operating  procedure  and  these  are  indicative 
of  those  to  be  used  for  other  cases. 

TABLE  III 

N.  G.  A.  A.  Specifications  for  Rates  of  Take-Off  in  Distillation  of  Saturated 

Hydrocarbons 

Max. 

allowable  Max.  rate 

temp.  of  take-off  if 

increase  above  temp.  Max.  allowable 


Component  plateau  reaches  limit  pressure  change 


Ethane .  2°C.  .  5  cc./min.  *10  mm.  Hg 

Propane .  1  °C.  3  cc./min.  ±5  mm.  Hg 

Isobutane]  3  cc./min.  ±2  mm.  Hg 

n-Butane  J . 

Pentanes .  1  °C.  3  cc./min.  =*=2  mm.  Hg 


As  soon  as  all  of  a  lower-boiling  component  has  been  removed  and  the 
condenser  temperature  has  reached  the  boiling  point  ol  the  next  component, 
product  removal  will  be  possible  without  decrease  in  column  pressure  oi 
further  increase  in  condenser  temperature.  The  rate  of  take-off  of  product 
may  then  be  increased  until  column  pressure  again  indicates  that  the  com¬ 
ponent  being  removed  is  near  exhaustion.  In  cases  in  which  thcic  are  on  y 
small  or  negligible  amounts  of  lower-boiling  hydrocarbons  present  in  a 


63  N.  G.  A.  A.  Publication  1146. 
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sample,  it  is  necessary  to  allow  the  column  to  operate  at  total  reflux  for 
30  to  60  minutes  before  taking  off  product.  This  assures  temperature  and 
component  equilibrium  before  difficult  separations  are  commenced. 

There  has  been  some  confusion  between  the  terms  reflux  and  reflux 
ratio.  Strictly  speaking,  the  reflux  is  the  liquid  flow  down  the  column, 
while  the  reflux  ratio  is  the  relation  of  the  reflux  flow  to  rate  of  take-off 
of  product,  both  being  in  the  same  units,  either  of  volume  or  weight.  In 
general  a  high  reflux  ratio  is  necessary  for  sharp  separation,  particularly 
for  close-boiling  mixtures.  The  reflux  ratio  may  be  allowed  to  decrease 
on  plateaus  but  should  be  high  at  breaks  in  the  curve.  McMillan64  found 
reflux  ratios  of  10  to  1  to  20  to  1  were  necessary  for  most  hydrocarbon  sep¬ 
arations.  Large  reflux  alone  cannot  ensure  good  separation,  since  it  is  the 
reflux  ratio  (together  with  the  number  of  theoretical  plates)  that  determines 
the  sharpness  of  separation.  In  general,  the  flow  of  reflux  should  be  kept 
at  the  point  at  which  H.E.T.P.  is  at  a  minimum,  so  that  plates  are  at  a 
maximum  and  reflux  ratio  can  be  reduced  (and  take-off  rate  increased) 
to  the  greatest  extent  possible  without  reducing  distillate  composition. 

Receiver  pressure  must  of  course  always  be  maintained  appreciably  less 
than  column  pressure,  so  that  use  of  a  second  receiver  is  sometimes  neces¬ 
sary.  If  the  product  is  not  needed  for  further  tests,  the  original  receiver 
may  be  re-evacuated  during  a  period  when  no  product  is  being  removed 
from  the  column.  Another  procedure  is  to  re-evacuate  the  original  receiver 
with  a  Toepler  pump,  and  thus  transfer  the  product  to  a  storage  vessel  of 
some  sort. 


A  further  and  important  reason  for  maintaining  low  pressures  in  the  re¬ 
ceiver  is  that  at  ordinary  pressure  there  are  appreciable  deviations  from  the 
perfect  gas  laws  for  the  higher  hydrocarbons.  Corrections  for  these  are 
avoided  by  using  pressure  below  100  mm.  for  butanes  and  below  50  mm.  for 


pentanes  and  higher. 

Separation  of  Fractions  Boiling  near  Room  Temperature.  When  deal¬ 
ing  with  components  boiling  much  above  0°C.  it  is  desirable  to  conduct 
the  distillation  below  atmospheric  pressure.  Thus  in  the  distillation  of  a 
mixture  ot  normal  hydrocarbons,  after  n-butane  has  been  removed  in  the 
manner  described  in  the  preceding  section,  the  pressure  will  decrease  to  a 
comparatively  small  value  if  condenser  temperature  is  held  at  about  0°C 
In  this  case  the  condenser  temperature  should  be  allowed  to  rise  only 
enough  to  bring  column  pressure  to  about  350  mm,  and  the  removal  of 
pentanes  carried  out  at  this  pressure.  (The  N.  G.  A.  A.  method  directs 
that  pressure  be  reduced  well  before  the  n-butane  is  exhausted,  rather  than 
when  it  is  completely  removed.)  It  is  of  course  necessary  that  receive" 


64  McMillan,  J.  Inst.  Petroleum  Technol.,  22,  632  (1936). 
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pressure  be  kept  still  lower.  It  should  not  be  above  100  mm.  for  the  bu¬ 
tanes  and  higher-boiling  compounds.  This  is  low  enough  to  permit  a  rapid 
late  of  take-off  and  also  to  avoid  the  necessity  for  corrections  due  to  devia¬ 
tions  fiom  the  perfect  gas  laws,  except  when  highest  accuracy  is  desired. 
4  able  I\  gives  \  alues  lor  column  pressure  and  receiver  pressure  as  sug¬ 
gested  by  Podbielniak62  and  the  N.  G.  A.  A.63 

TABLE  IV 


Column  Pressures  and  Receiver  Pressures 


Hydrocarbon 

Column 

pressure 

Max.  receiver  pressure 

Podbielniak 

N.  G.  A.  A. 

Podbielniak 

N.  G.  A.  A. 

Methane 

Atmospheric 

Atmospheric 

Atmospheric 

Atmospheric 

Ethane 

Atmospheric 

Atmospheric 

Atmospheric 

Atmospheric 

Propane 

Atmospheric 

Atmospheric 

300  mm.  Hg 

Atmospheric 

Butanes 

Atmospheric 

Atmospheric 

100  mm.  Hg 

400  mm.  Hg 

Pentanes  1 

AmylenesJ 

300  mm.  Hg 

300  mm.  Hg 

60  mm.  Hg 

200  mm.  Hg 

Hexanes,  hexenes 

100  mm.  Hg 

200  mm.  Hg 

20  mm.  Hg 

75  mm.  Hg 

Heptanes 

20  mm.  Hg 

— 

5  mm.  Hg 

25  mm.  Hg 

Withdrawal  and  Measurement  of  Residue.  It  frequently  happens  that 
not  all  of  a  sample  can  be  distilled  conveniently  in  a  low-temperature  ap¬ 
paratus  because  some  high-boiling  components  are  present  which  cannot 
be  distilled  even  with  a  good  vacuum.  Podbielniak62  suggests  20  mm. 
pressure  as  the  lower  limit  of  successful  operation  in  the  usual  equipment 
for  low-temperature  distillation.  In  other  cases  it  may  not  be  desired  to 
take  the  time  necessary  to  distil  components  boiling  up  to  100  °C.  even 
though  this  can  be  done. 

When  distillation  of  these  higher-boiling  components  is  not  necessary, 
the  most  satisfactory  procedure  is  to  use  a  column  having  a  still  pot  with  a 
bottom  connection  through  which  the  still  residue  can  be  drained  into  a 
graduated  vessel.  It  is,  of  course,  necessary  to  have  the  top  of  the  column 
open  to  the  atmosphere  when  this  is  done.  4  he  sample  can  thus  be  meas¬ 
ured,  weighed,  and  otherwise  investigated  by  such  methods  as  are  suitable. 

The  above  procedure  involves  some  drainage  and  holdup  error,  which  is 
usually  neglected,  although  it  may  be  corrected  by  suitable  preliminary 
calibrations.  An  alternative  procedure  is  to  wash  the  material  from  the 
column  using  a  solvent  that  can  be  easily  separated  from  the  desired  residue. 
Still  another  procedure  is  to  use  a  noncondensable,  inert  gas  to  vaporize  the 
residue  and  carry  it  to  a  cold  trap  for  collection.  The  N.  G.  A.  A_  Pro¬ 
cedure63  directs  the  evaporation  of  the  residues  (components  boiling  lug  lei 
than  the  pentanes)  into  an  evacuated  collection  bottle.  The  still  pot  must 
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be  warm  and  the  final  collection  bottle  pressure  is  less  than  25  mm.  Ham¬ 
blen  and  Thorstenberg640  suggest  the  use  of  a  graduated  conical  tube  as  a 
still  pot,  so  that  the  volume  of  the  residue  can  be  measured  directly. 

Podbielniak  (private  communication)  suggests  still  another  excellent 
method  for  withdrawing  this  residue  without  appreciable  loss  of  liquid  or 
vapor,  or  inaccuracy  of  measurement,  that  is,  to  connect  the  drain  stopcock 
of  the  column  (at  end  of  distillation  proper)  to  an  evacuated,  tapered, 
graduated  centrifuge-type  test  tube,  with  suitable  connections,  chilled  in 
dry  ice  or  liquid  nitrogen,  then  to  open  the  stopcock  to  let  residue  drain  into 
this  test  tube.  The  top  of  the  column  should  not  be  vented  to  the  air,  and 
it  is  essential  with  this  method  that  there  be  no  appreciable  air  or  non¬ 
condensable  gases  in  the  column.  It  will  be  found  that  the  bulk  of  the 
liquid  residue  will  drain  promptly  into  the  tube,  and  that,  within  a  rela¬ 
tively  few  minutes,  the  liquid  films  in  the  distilling  bulb,  within  the  packing, 
and  in  the  connections  will  have  evaporated  and  will  have  recondensed  in 
the  chilled  test  tube,  as  will  all  vapor  proper  in  the  column.  The  test  tube 
is  then  permitted  to  warm  up  to  the  desired  temperature  at  which  the 
volume  of  the  residue  can  be  read  accurately. 

It  is  highly  desirable  to  test  the  apparatus  for  leaks  after  the  distillation 


as  well  as  before,  and,  when  possible,  during  the  distillation.  No  noticeable 
leak  should  be  evident  after  30  minutes  at  2  mm.  pressure. 

Automatic  Operation  and  Standardized  Procedures.  It  has  become 
common  to  use  an  almost  completely  automatic  procedure  for  distillation 
of  hydrocarbon  mixtures.  The  advantages  and  details  of  such  separation 
have  been  worked  out  and  described  by  Podbielniak®  and  confirmed  by 
Savelli  et  al ,66  An  automatic  pressure-  and  temperature-recording  appara¬ 
tus  has  also  been  described  by  McMillan.*"  Standardized  methods  have 
een  developed  for  saturated  hydrocarbon  gases  and  for  the  butadiene- 
containing  gases.  The  former  are  given  in  detail  in  N.  G.  A.  A.  publica- 
tmn  1146  The  U.  0.  P.  manual68  describes  procedures  for  the  gasoline 

carbon  (G^  40^"  ^  °f  COmplex  h^ro- 

SZin '(G-ie^O,  W  ana'yS,S  °f  °4  C‘  hydr°Carbons  by  f-tional 

tofranTd  rate  of^T  IT*  °f  err°rS  "e:  inadecll,ate  reflux  ratio  or 
too  iap.d  rate  of  take-off,  erratic  application  of  refrigerant  or  any  other 

disturbance  causing  fluctuations  in  the  vaporization  rate  or  the  pressure 

*■  *  -  <->• 

-  «**■ Chem-  A™L  Ed- (mu. 

68  Universal  Oil  Products  On  Tin  d  t  i 
It*  Products,  Chicago,  1947.  ”  Moratory  Test  Methods  for  Petroleum  and 
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in  the  column,  presence  of  unrecognized  or  unsuspected  components, 
leakage  or  contamination,  and  dead-space' errors. 

Probably  the  most  important  cause  of  errors  and  difficulties  is  applying 
too  much  heat  to  the  distilling  bulb,  thereby  either  flooding,  partially 
flooding,  or  overloading  the  packing  with  reflux.  This  results  in  poor 
separation  inside  the  column,  violent  pressure  fluctuations,  and  poor  con¬ 
trol  of  position  of  uppermost  condensation  ring  in  the  distilling  tube,  hence 
poor  temperature  measurement  and  large  errors  in  interpreting  the  distilla¬ 
tion  curve  (Podbielniak,  private  communication). 

Errors  due  to  dead  space  in  the  column  may  be  quite  important  for  small 
amounts  of  components  unless  design  and  operation  eliminate  these  diffi¬ 
culties.  If  the  amount  (as  vapor)  of  the  lowest-boiling  component  is  less 
than  the  volume  required  to  fill  the  condenser,  the  column  manometer, 
and  the  connecting  tubing,  this  component  will  not  be  detected  in  the  analy¬ 
sis.  Such  error  is  best  avoided  by  keeping  the  volume  of  the  critical  parts 
as  small  as  possible,  preferably  a  total  of  only  1  or  2  cc.  When  necessary, 
the  first  portion  of  product  may  be  subjected  to  further  tests  to  establish  its 
true  composition,  or  the  apparatus  may  be  calibrated  and  suitable  cor¬ 
rections  then  made. 

A  second  dead-space  error  arises  from  the  vapor  remaining  in  the  column 
at  the  end  of  a  distillation.  This  is  best  avoided  by  using  mercury  to  fill 
the  still  pot  toward  the  end  of  the  distillation,  thereby  reducing  the  error 
to  the  volume  of  the  free  space  of  the  packing.  An  alternative  method  is 
the  use  of  a  “chaser,”  i.e.,  a  high-boiling  component  such  as  toluene  or 
xylene.  This  drives  all  the  lighter  components  ahead  of  it  until  finally  the 
still  pot  and  column  free  space  are  filled  with  the  vapor  of  the  chaser,  and 
the  entire  sample  is  accounted  for.  A  chaser  cannot  be  used  if  there  is  a 
possibility  that  some  relatively  high  boiling  components  arc  present  in  the 

sample. 

Reduction  in  the  pressure  in  the  column  reduces  the  final  dead-space 
error.  In  some  cases  the  distillation  is  stopped,  and  the  contents  of  the 
column  are  completely  condensed  and  transferred  to  a  smaller-size  column. 


B.  INTERPRETATION  of  data 

Calculation  of  Results.  The  data  resulting  from  a  low-temperature 
distillation  are  most  frequently  recorded  as  a  graph  of  pressure  in  the 
receiver  bottle  versus  the  temperature  of  the  product  at  the  head  of  the 
column.  A  typical  example  is  shown  in  Figure  19.  When  product  is 
collected  in  a  buret  the  total  volume  collected  is  plotted  instead  o 
pressure  in  the  receiver  bottle.  In  either  case  the  length  of  the  plateau  for 
a  particular  component  divided  by  the  total  length  ofthecurveis  thevoh 
ume  or  mole  fraction  of  that  particular  component  in  the  mixture. 
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the  break  is  very  sharp,  as  between  methane  and  ethane  in  Figure  3,  the 
decision  as  to  the  length  of  a  plateau  is  easy  and  the  resulting  p^ecision^ 
high.  When  the  break  is  gradual  a  more  or  less  arbitrary  method  is  us 
todecide  upon  the  point  at  which  one  component  ends  and  the  next  hig  e 
boiling  component  begins.  Most  frequently  used  for  this  purpose  is  the 
mid-point  or  midtemperature  method,  by  which  the  cut  point  is  chosen 
as  that  pressure  in  the  receiver  bottle  at  which  the  condenser  temperature 
is  midway  between  the  boiling  points  of  the  two  components  being  sep- 

arated.  c 

Martin69  has  used  the  boiling  points  of  ethane-ethylene  mixtures  ol  vari¬ 
ous  compositions,  and  the  actual  distillation  curve  (boiling  point  versus 
volume  of  product)  to  obtain  a  theoretical  value  for  the  cut  point.  This 
was  done  by  using  the  equation : 


Xe 


700  —  Pa 

Ve  ~  Pa 


and 


_  Xe  Ve 
Ve  ~  760 


in  which  xe  is  the  mole  fraction  of  ethylene  in  the  liquid  and  y,  its  mole 
fraction  in  the  vapor.  The  vapor  pressures  of  pure  ethane  and  ethylene 


(A)  (B) 

Fig.  22.  (A)  Boiling-point  curves  of  ethylene-ethane  mixtures.  (B)  Distillation  curve 

showing  ethylene-ethane  break. 


are  pa  and  pn  respectively,  at  the  temperature  in  question.  The  equations 
are  based  on  Raoult’s  law,  and  give  a  typical  vapor-liquid  equilibrium  curve 
as  in  Figure  22A.  In  order  to  find  the  proper  cut  point  in  the  actual  dis¬ 
tillation  curve  (Fig.  22B),  the  volume  of  the  break  has  been  subdivided 
into  segments  as  shown  in  7  able  V.  The  percentage  of  ethylene  is  then 
read  from  Figure  22A  and  the  actual  volume  of  ethylene  computed.  The 
total  volume  of  ethylene  in  the  sample  is  then  the  portion  prior  to  the  break 
(1.25  liters)  plus  the  0.143  calculated  as  present  in  the  mixture  distilling 
during  the  break.  The  total  volume  of  ethylene  (1.393  liters)  corresponds 
in  higuie  22B  to  —9/  .5  C.,  which  is  the  correct  cut  point. 

69  Martin,  Australia  Council  Sci.  Ind.  Research,  Bull.  No.  197,  pp.  20-21 
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TABLE  V 


Segment 

number 

1 

2 

3 

4 

5 

6 

7 

8 
9 


Calculation  of  Cut  Point  by  Method  of  Martin 


Volume. 

C1H4  in 

liters 

Mean  temp.,  °C. 

segment, 
calc.  % 

1 

. 250-1 

275 

-103.7 

99.3 

1 

.275-1. 

300  . 

-103.5 

98.3 

1 

. 300-1 . 

325 

-103.1 

96.8 

1 

. 325-1 . 

.350 

-102.3 

93.0 

1 

.350-1. 

375 

-100.3 

83.3 

1 

.375-1. 

400 

-  96.4 

59.2 

1 

. 400-1 . 

425 

-  92.0 

27.0 

1 

. 425-1 . 

450 

-  90.3 

11.4 

1 

.450-1. 

475 

-  89.0 

0.0 

Total  for  all  segments 


Total  volume  ethylene . 1 . 250  +  0 . 143  =  1 . 393  liters 

Volume  C2  fraction .  2.199  liters 


Calc.  vol. 
C2H4,  liters 

0.025 

0.025 

0.024 

0.023 

0.021 

0.015 

0.007 

0.003 

0.000 


0.U3 


Percentage  ethylene 
True  cut  point. . . 


1.393 

2.199 


X  100 


63.4% 


— 97.5°C. 


Podbielniak70  has  recommended  the  equal-area  method,  illustrated  in 
Figure  23.  McMillan,'1,  however,  has  stated  that  the  equal-area  procedure 
gives  less  accurate  results  than  the  midpoint  method.  He  recommended  a 
procedure'2  in  which  the  cut  point  is  chosen  as  that  temperature  at  which  a 
50-50  mole  per  cent  mixture  is  in  equilibrium  in  the  vapor  state.  This  has 
apparently  not  been  generally  adopted.  The  N.  G.  A.  A.  method73 
allows  alternative  use  of  either  a  midtemperature  cut  point  or  an  equal-area 
cut  point,  using  the  temperatures  in  Table  VI. 

The  midtemperature  and  the  equal-area  cut  points  usually  give  the  same 
result  if  the  fractionation  has  been  properly  carried  out  so  that  the  break  in 
the  distillation  curve  is  symmetrical.  The  equal-area  method  probably 
is  preferable  when  the  break  is  not  symmetrical.  The  equilibrium  cut 
point  of  McMillan  usually  gives  a  slightly  greater  quantity  of  the  lower- 
boiling  component  than  the  other  methods.  No  thorough  discussion 
of  the  subject,  with  substantiating  data,  has  been  published. 

Deviations  from  Boyle’s  law  amount  to  1%  for  propane  to  5%  for  iso¬ 
pentane,  at  atmospheric  pressure.  However,  if  pressures  in  receiver  bottles 
are  maintained  below  400  mm.  for  propane,  300  mm.  for  butanes,  and  100 

70  Podbielniak,  Refiner  Natural  Gasoline  Mfr.,  8,  No.  3,  55  (1929). 

71  McMillan,  J.  Inst.  Petroleum  Technol.,  22,  610  (1936). 

72  Fitch,  Natl.  Petroleum  News,  23,  No.  25,  66,  70  (1931). 

73  N.  G.  A.  A.  Publication  1146. 


431 


IV.  LIQUEFIED  GASES  AND  LOW-BOILING  LIQUIDS 


Fig.  23.  Illustration  of  temperature  midpoint  and  equal-area  cut-point  methods. 


TABLE  VI.  Cut-Point  Temperatures 


Mixture 

Temp.,  °C. 

Column 
pressure, 
mm.  Hg 

Methane -ethane . 

-115 

760 

Ethane -  propane . 

-  65 

760 

Propane -isobutane . 

-  28 

760 

Isobutane -n-butane  .... 

-  6 

760 

n-Butane- isopentane  .  .  . 

-  10 

300 

n-Butane  -  isopent  ane. .  . 

-19 

200 

Isopentane -7i-pentane  . . 

+  7 

300 

-  2 

200 

7i-Pentane-hexane .  .  . 

200 

Precision  and  Limitations  of  the  Method.  Podbielniak7'  and  Mc¬ 
Millan7'  both  give  figures  of  0.1%  for  the  precision  of  low-temperature  dis- 


74  Courtesy  Universal  Oil  Products  Co. 

75  Podbielniak,  Analytical  Distillation  and  Its  Application 
(available  from  the  author),  Chicago. 


to  the  Petroleum 


Industry 


TABLE  VII.  Data  (in  Mole  per  Cent)  Illustrating  Reproducibility  and  Accuracy  of  Analysis  of  Cracked  C4  and  C5  Samples 

Sample  of 

cis -  and  trans-  butenes- 

Butene-2  sample  butanes, 
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Isobutylene  only. 
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tillation  when  properly  carried  out.  In  any  actual  case,  the  precision  and 
accuracy  vary  widely  with  the  apparatus,  procedure,  and  mixture, 
cisions  ranging  from  a  few  hundredths  of  one  per  cent  up  to  several  per  cent 
have  been  mentioned.  Savelli,  Seyfried,  and  Filbert’6  state  that  samples 


containing  no  olefins  can  be  analyzed  in  the  automatically  controlled 
Podbielniak  Model  L  column  with  a  maximum  error  of  about  ±0.3% 
on  any  component  based  on  the  entire  sample.  McMillan  reported  a  some- 
" hat  laigei  enor  for  a  manually  operated  Podbielniak  Precision  column, 
d  he  U.  0.  P.  test  method'7  G-162-40  is  stated  to  have  a  precision  of  0.5% 
if  there  is  a  minimum  of  100  ml.  (gas)  of  the  component  present  in  smallest 


76  Savelli,  Seyfried,  and  Filbert,  Ind.  Eng.  Chem.,  Anal.  Ed.,  13,  868  (1941) 

PrXTatagl!’;0^.'18  C0"  V-  0 '  P-  Labmal0rV  TeSt  If 


434 


A.  AND  E.  ROSE 


amount.  No  suitable  method  has  been  developed  as  yet  for 
evaluating  a  particular  apparatus  or  procedure. 

4  he  limitations  of  low-temperature  fractional  distillation 
listed  as  follows  by  Podbielniak:75 


objectively 
have  been 


(1)  The  method  is  cumbersome  and  lengthy  for  the  determination  of  a  single 
component. 


(2)  The  method  is  inapplicable  or  inaccurate  for  separations  in  which  relative 
volatility  is  small. 

(3)  The  method  is  of  limited  applicability  for  components  present  in  relatively 
small  proportion. 

(4)  The  method  is  not  suitable  for  components  such  as  acetylene  and  carbon 
dioxide  which  do  not  exist  as  liquids  at  normal  pressures. 

(5)  The  method  cannot  deal  with  substances  boiling  below  liquid-nitrogen 
temperature,  nor  with  substances  that  decompose  during  distillation. 


Table  VII  (p.  432)  from  Podbielniak’s  work  illustrates  the  reproducibility 
and  accuracy  of  analyses  of  hydrocarbon  samples. 


C.  PRINCIPLES  OF  LOW-TEMPERATURE  DISTILLATION 

Rose'8  (see  Table  VIII)  has  pointed  out  the  importance  of  relative 
volatility  and  number  of  theoretical  plates  in  determining  the  purity  of 
distillate  for  a  particular  still-pot  composition  in  low-temperature  distilla¬ 
tion.  Podbielniak79  has  extended  this  reasoning  to  obtain  graphs  such  as 
Figure  25  of  the  minimum  plates  at  total  reflux  which  are  required  to  pro¬ 
duce  various  distillate  compositions,  assuming  a  50-50  mole  per  cent 
still-pot  composition,  and  various  values  of  the  relative  volatility.  Pod¬ 
bielniak  has  also  used  the  equation : 


r  «  i 

1 

1 — 

i _ 

r  1  i 

Xp  a  -  1_ 

_1  —  Xf_ 

_a  —  1_ 

jr,(l  -  xf)] 

in  which  xf  represents  mole  fraction  of  the  lower-boiling  component  in  the 
still  pot;  xp ,  the  mole  fraction  of  the  lower-boiling  component  in  the  distil¬ 
late;  while  #Dmin.  is  the  minimum  value  of  the  reflux  ratio  (moles  reflux 
returned  down  the  column  divided  by  moles  product,  each  per  unit  of  time) 
at  infinite  plates.  This  relation  was  used  (see  Figure  26)  to  compute 
the  minimum  reflux  ratio,  at  infinite  plates,  required  to  obtain  product 
purity  of  99.5  mole  per  cent  for  various  still  compositions  and  relative 
volatilities.  This  showed  that  minimum  reflux  is  relatively  insensitive  to 
small  changes  in  product  composition  even  near  100%. '9 

78  Rose,  Ind.  Eng.  Chem.,  Anal.  Ed .,  8,  478  (1936). 

79  Podbielniak,  "Apparatus  and  Methods  for  Precise  Fractional  Distillation  Analyses, 
VI,”  Am.  Chem.  Soc.,  Atlantic  City  Meeting,  1941.  Available  from  author. 
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To  compute  the  approximate  change  in  mirnmum  reflux  for  o .  her  product  punt.es 
than  99.5  mole  per  cent  multiply  minimum  reflux,  as  obtained  from  chart  by  t 
ratio  of  desired  product  purity  to  99.5  mole  per  cent  times 
varying  as  follows:  (a)  0.88  for  50%  in  kettle;  (6)  0.95  for  30%  kettle,  (c) 
0.965  for  5%  in  kettle;  and  (d)  0.998  for  0.1%  in  kettle. 


Table  IX  and  Figure  27  indicate  the  application  of  this  information  to 
the  separations  encountered  in  hydrocarbon-gas  analysis.  Figure  2 7  shows 


TABLE  VIII78 

Relation  of  Relative  Volatility  and  Minimum  Number  of  Theoretical  Plates 


Vapor 

Plates 

Enrichment 

factor 

Compn.  of 
liquid  in  still 

pressure 

ratio 

in 

column 

Compn.  of  product,  % 

Butene-1 

n-Butane 

50%  butene-l) 

1.2 

i 

1.2 

54.5 

45.5 

50%  n-butane  / 

2 

1.44 

59 

41 

5 

2.5 

71 

29 

10 

6.2 

86 

14 

20 

39 

97.6 

2.4 

30 

240 

99.4 

0.6 

Isobutane 

n-Butane 

50%  isobutane) 

i  1.6 

1 

1.6 

61.5 

38.5 

50%  n-butane  J 

2 

2.56 

72 

28 

5 

10.5 

91 

9 

10 

101 

99 

1 

20 

12,000 

100 

0 

30 

1,300,000 

100 

0 

Propane 

Isobutane 

50%  propane 

1  3  5 

1 

3.5 

78 

22 

50%  isobutane 

r  « •  o 

2 

12.2 

92.3 

8 

5 

520 

99.7 

0.3 

10 

6350 

99.95 

0.05 

20 

400,000 

100 

0 

30 

— 

Ethane 

Propane 

50%  ethane  / 

10 

1 

10 

90 

10 

50%  propane/ 

2 

100 

99 

1 

5 

10,000 

99.99 

0.01 

10 

10,000,000 

20 

— 

30 

— 

Methane 

Ethane 

•  50%  ethane  ) 
50%  methane/ 

50 

1 

2 

50 

2500 

98 

99.96 

2 

0.04 
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late  of  change  of  composition  of  the  still-pot  contents  as  distillation  pro¬ 
gresses,  as  well  as  distillate  boiling  points,  maximum  distillate  rates,  mini- 
mum  plates  required  if  total  reflux  is  assumed,  and  the  rate  of  increase  of 
Otdl  distillate  with  time.  This  chart  is  constructed  on  the  assumption  of 


Fig.  25.  Relation  between  minimum  plates,  product  purity,  and  relative  volatility  for 
binary  mixtures  with  50-50  mole  per  cent  still  composition. 


99.5  mole  per  cent  distillate  purity  except  at  theactual  intermediate  fractions 
between  plateaus.  Binary  mixtures  are  also  assumed  in  order  to  simplify 
the  reasoning  and  calculations,  and  holdup  is  assumed  to  be  zero.  Instead 
of  plotting  minimum  reflux  ratios  required  to  maintain  the  desiied  distillate 


MINIMUM  PLATES  AT  TOTAL  REFLUX 


R'.  MINIMUM  REFLUX  RATIO  (XT  INFINITl  PUTBS) 
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Relation  between  minimum  reflux,  relative  volatility,  and  still  composition  for 
brnary  nuxtures  with  constant  distillate  purity  of  09.5  mole  per  cent 
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purity  as  the  still  charge  becomes  exhausted  of  a  particular  component, 
the  graph  plots  the  corresponding  actual  distillate  rate,  assuming  t  he  usual 
values  for  rates  of  boiling  corresponding  to  the  heat  inputs  indicated  on  the 
graph. 


TABLE  IX 

Minimum  Plates  and  Reflux  Ratio  for  Specified  Separation  of  Various  Binary 

Hydrocarbon  Pairs'1 


Binary 

hydrocarbon 

mixture 

Vapor 

pressure 

ratio 

A 

B 

C 

D 

Methane-ethylene6 

61.2 

1.32 

1.82 

0.03 

0.164 

Methane-ethanec 

107.0 

1.14 

1.60 

0.018 

0.093 

Ethylene-ethane 

2.3 

6.5 

9.2 

1.60 

7.95 

Ethane-propene 

8.1 

2.52 

3.57 

0.27 

1.4 

Ethane-propane 

9.3 

2.38 

3.36 

0.23 

1.2 

Propene-propane 

1.3 

20.2 

28.6 

6.65 

33.0 

Propane-isobutane 

3.3 

4.6 

6.5 

0.89 

4.5 

Isobutane-n-butane 

1.5 

13.0 

18.4 

3.99 

20.0 

Isobutane-isobutene 

1.20 

28.8 

40.8 

10.0 

50.0 

Isobutene-butene- 1 

1.03 

176.0 

249.0 

65.5 

328.0 

Butene-1  -n-butane 

1.23 

25.5 

36.0 

8.98 

43.5 

n-Butane-isopentane 

2.8 

5.3 

7.5 

1.16 

5.8 

Isopentane  -  n-pen  tane 

1.33 

18.6 

26.3 

6.25 

30.1 

n-Pentane  -  n-hexane 

3.0 

4.9 

6.95 

1.04 

5.25 

n-Pentane-diisopropyl 

2.15 

7.0 

9.9 

1.75 

8.7 

A  plates  required  at  total  reflux  for  99.5  mole  per  cent  overhead  from  50-50% 
kettle  composdion.  B  =  plates  required  at  total  reflux  for  99.5  mole  per  cent  overhead 
from  10%  low-boiling  component  in  kettle.  C  =  minimum  reflux  ratio  for  100  mole  per 
ent  overhead  from  50-50%  kettle  composition.  D  =  minimum  reflux  ratio  for  100 

.ee/?t  overh^acl  from  10%  low-boiling  component  in  kettle.  Minimum  reflux 
ratio  (at  infinite  plates)  is  relatively  insensitive  to  small  changes  in  desired  overhead 

m  kettfeP6Cia  Y  ^  °W  va  ues  of  a  and  sma11  concentrations  of  low-boiling  components 

b  a  =  185  at  boiling  point  of  methane. 
e  a  =  642  at  boiling  point  of  methane. 


The  most  interesting  portion  of  this  graph  is  the  third  section  from  the 
top  showing  maximum  distillate  rates  and  minimum  plates  required  at 
total  leflux.  The  rapid  decrease  in  the  permissible  rate  of  take-off  as  a  cut 
point  is  approached  is  not  surprising,  since  this  had  been  well  established 
by  practical  experience  and  is  in  accord  with  general  distillation  theory 
he  same  may  be  said  of  the  increase  in  plate  requirements  as  the  cut  point 
■  approached  and  as  closer-boiling  mixtures  are  encountered 

g™P 1S  are  the,  first  attempt  to  establish  approximate  numerical 
foi  the  pr0per  take'off  rates  and  plate  requirements  for  various  sep- 
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arations.  The  values  given  are  not  intended  to  be  those  actually  used  in 
practice  and  must  not  be  used  for  this  purpose,  because  of  the  various 
simplifying  assumptions  made.  These  are:  the  assumption  of  infinite 
plates  for  estimating  reflux  and  take-off  rate,  the  assumption  of  total  reflux 
for  estimating  plates,  and  the  assumption  of  negligible  holdup.  The  actual 
take-off  rates  recommended  by  Podbielniak  are  half  those  shown  on  the 
graphs.  These  are  based  on  practical  experience  rather  than  theory. 
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M0L%  HIGHER  BOILING  COMPONENT  AS  IMPURITY  IN  EQUILIBRIUM  VAPOR 


Fig.  28.  Theoretical  relation  between  temperature  rise  above  boiling  point  of  lower- 
boiling  component  and  mole  per  cent  of  higher-boiling  component  present  as  impurity. 


Similar  calculations  could  be  made80  to  obtain  reflux  ratio  and  take-off 
rate  using  actual  number  of  plates,  but  such  calculations  have  not  yet  been 
published.  Theory  has  not  yet  developed  to  the  point  that  holdup  can  be 

taken  into  account  in  such  calculations. 

Podbielniak81  has  also  calculated  curves  (Fig.  28)  showing  the  percentage 
of  higher-boiling  component  corresponding  to  various  boiling  points  at  the 
head  of  a  low- temperature  column.  These  give  an  idea  of  the  temperature 
variation  that  can  be  tolerated  along  a  plateau  during  a  distillation. 


80  Rose  and  Long,  Ind.  Eng.  Chem.,  33,  084  (1941).  , 

handbook  Butane-Propane  Gases.  3rd  ed.,  Jenkins  Publication.,  Los  Angeles, 

1947. 
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A.  MICRO  COLUMNS 

Simons82  developed  the  very  small  and  convenient  low-temperature 
fractionating  column  shown  in  Figure  29.  The  entire  apparatus  can  be 
placed  in  a  one-quart  Dewar  tube,  and  is  easily  moved  about  the  labora¬ 
tory.  No  elaborate  controls  are  required. 

The  capacity  is  about  5  cc.  liquefied  gas. 

The  column  is  not  intended  for  difficult 
separations,  since  the  height  of  packing  is 
only  a  few  inches. 

A  column  of  the  Podbielniak  type  has  also 
been  built  with  very  small  dimensions  by 
Fitch.83  It  is  designed  to  be  used  in  con¬ 
junction  with  a  larger  column  in  order  to 
reduce  dead  space  and  holdup  when  dealing 
with  small  samples.  Construction  and 
operation  are  similar  to  larger  columns. 

B.  TOTAL  CONDENSER  COLUMNS 

The  Simons  column  differs  in  one  impor¬ 
tant  respect  from  those  described  in  the  pre¬ 
ceding  sections,  in  that  it  has  a  total  con¬ 
denser  rather  than  a  partial  one  and  gaseous 
product  is  withdrawn  from  the  bottom  rather 
than  the  top  of  the  condenser.  Rose78  de¬ 
scribes  a  flexible  total-condensing  low-tem¬ 
perature  column.  A  Dewar  tube  longer  than 
that  of  Simons  is  used,  so  that  better  separa¬ 
tion  can  be  achieved  by  suitable  lengthening 
of  the  packed  section  of  the  apparatus  (see 
Fig.  13).  This  column  is  operated  with  the 
top  of  the  condenser  open  to  the  air,  and 
product  is  withdrawn  as  gas  through  a  side 
aim  just  below  the  condenser.  This  arrange- 
ment  eliminates  the  need  for  the  very  close  control  of  condenser  tempera- 
ure  that  is  characteristic  of  partial-condensing  columns.  Welshans8* 
compared  the  two  types  of  operation  and  concluded  that  the  total-con- 

Eng'  Chm"  Anal  Ei"  10’  648  (1938)'  Ramler  and  Sim°"s.  *«., 

,3  Fitch,  Natl.  Petroleum  News,  23,  No.  25,  66,  70  (1931). 

84  Welshans,  B.S.  Thesis,  Pennsylvania  State  College,  1939. 
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densing  Dpe  was  particularly  useful  when  only  inexperienced  operators 
were  available,  as  in  a  laboratory  where  only  occasional  low-temperature 
distillations  aie  performed.  The  Rose  column  wras  the  first  to  emphasize 
smooth  operation  as  a  requisite  for  success  in  difficult  separations.  This 
was  achieved  by  using  a  completely  insulated  still  pot  and  a  high-heat- 
capacity  metal-packed  condenser,  and  by  ensuring  constant  pressure  by 
having  the  top  of  the  condenser  open  to  the  air. 


C.  OTHER  SPECIAL  COLUMNS 

A  variety  of  other  special  low-temperature  columns  have  been  described. 
Kistiakowsky  et  al ,85  and  Lucas  and  Dillon86  have  devised  apparatus 
particularly  suitable  for  separation  and  purification  of  considerable  quan¬ 
tities  of  materials  boiling  near  0°C.  Booth  and  co-wTorkers87  have  devel¬ 
oped  apparatus  for  purification  with  particular  emphasis  on  accessories 
such  as  vapor-density  and  vapor-pressure  measurements.  Bosschart88 
has  recommended  inverted  distillation  for  the  determination  of  hydrocar¬ 
bons  in  natural-gas  samples.  The  range  of  his  column  is  from  +200° 
to  — 170  °C.  Components  are  collected  as  liquid  in  the  still  pot,  the  high¬ 
est-boiling  component  first.  Askevold  and  Agruss89  have  used  an  auxiliary 
column  for  separating  small  proportions  of  gaseous  substances  from 
petroleum.  The  column  is  packed  with  pellets  of  sodium  hydroxide. 
These  remove  water  and  hydrogen  sulfide  when  the  volatile  portion  of  the 
sample  is  distilled  through  the  auxiliary  column  to  the  still  pot  of  an  ordinary 
low-temperature  column.  Podbielniak90  has  described  apparatus  and 
procedure  for  bringing  a  sample  to  equilibrium  in  a  column  at  total  reflux, 
using  such  a  small  amount  that  there  is  practically  no  material  remaining 
in  the  still  pot,  and  basing  the  analysis  on  temperature  measurements  made 
throughout  the  length  of  the  column. 


D.  PRESSURE  COLUMNS 


The  petroleum  industry  regularly  carries  on  the  fractionation  of  hydro¬ 
carbon  gases  which  are  maintained  in  the  liquid  state  by  pressure  alone. 
This  has  the  advantage  that  low-temperature  refrigeration  and  insulation 
problems  are  eliminated,  and  ordinary  water  can  be  used  for  condenser 


*6  Kistiakowsky  et  al.,  J.  Am.  Chem.  Soc.,  57,  65,  876  (1935). 

86  Lucas  and  Dillon,  J .  Am.  Chem.  Soc.,  50,  1460  (1928).  ,,  , 

«  Booth  and  McNabney,  Ind.  Eng.  Chem.,  Anal.  Ed.,  16,  m  (1944).  Boot!  a  < 
Bozarth,  Ind.  Eng.  Chem.,  29,  470  (1937).  Booth  and  Stillwell,  J.  Am.  Chem.  Soc..  , 

1529  (1934). 

88  Bosschart,  Ind.  Eng.  Chem.,  Anal.  Ed.,  6,  29  (1934). 

si  Askevold  and  Agruss,  Ind.  Eng.  Chem.,  Anal.  Ed.,  17,  241  (1945). 

90  Podbielniak,  U.  S.  Pat.  2,377,900. 
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cooling.  The  equipment  must  of  course  be  constructed  to  withstand  the 
considerable  pressures  that  are  encountered.  The  lower-boiling  hydro¬ 
carbon  gases  cannot  be  handled  because  of  the  excessive  pressures  neces¬ 
sary.  Industrial  liquid-air  distillation  apparatus  also  operates  under  some 
pressure,  although  refrigeration  is  used  in  this  case  to  avoid  excessive  pres¬ 
sures. 

Benoliel91  describes  a  stainless-steel  laboratory  pressure  column  with 
still-pot  capacity  of  16  liters  for  distilling  C4  hydrocarbons  without  refriger¬ 
ation  and  using  ordinary  tap  water  for  cooling  the  condenser.  This  can  be 
operated  up  to  200  p.s.i.  and  200 °C.  The  column  itself  is  a  1.38-in.  I.D. 
stainless-steel  tube  packed  with  stainless-steel  helices. 

Simons92  describes  an  all-glass  column  made  without  stopcocks,  stated 
to  be  useful  up  to  pressure  of  5  atmospheres.  Pressure  control  is  automatic, 
and  product  is  taken  off  as  liquid,  which  is  revaporized  at  a  controlled 
rate. 


II.  SIMPLE  DISTILLATION 


1.  Repeated  Simple  Distillation 


Simple  distillation  of  liquefied  gases  is  similar  to  ordinary  simple  distilla¬ 
tion,  except  for  the  use  of  refrigerants  and  the  necessary  avoidance  of  leaks 
and  contamination.  4  hese  special  features  inevitably  make  the  apparatus 
and  procedure  more  complex.  When  Ramsay  and  Travers93  made  their 
study  of  the  argon  group  and  other  gases  about  1900,  their  equipment  was 
essentially  two  bulbs  refrigerated  to  different  temperatures.  But  in  general 
the  early  history  of  the  distillation  of  liquefied  gases  consisted  in  the  devel¬ 
opment  and  use  of  elaborate  apparatus  and  processes  for  repeated  simple 
distillation  as  a  method  of  analysis  and  purification.  This  mpnns  flip 


Eng.  Chern.,  Anal.  Ed.,  6,  235  (1934). 
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of  volume,  pressure,  and  vapor  pressure,  and  other  properties.  Relatively 
low  pressures  are  used  because  relative  volatilities  are  greater  under  such 
conditions.  Excellent  results  can  be  obtained  and  only  small  samples  are 
required.  It  is  essential  that  leaks  and  contamination  be  rigorously  pre¬ 
vented  and  a  considerable  number  of  redistillations  are  required  even  for 
easily  separable  mixtures.  Separation  of  close-boiling  components  is 
generally  recognized  to  require  a  prohibitive  amount  of  time.  As  a  result, 
there  has  been  little  reference  in  recent  literature  to  the  use  of  repeated  sim¬ 
ple  distillation.  It  is  recommended  only  for  very  easily  separable  mixtures 
when  it  is  not  worth  while  to  use  the  more  complicated  fractionating  column. 


TABLE  X96 

Separation  Temperatures  and  Cutting  Pressures  Employed 
with  Ward  High-Vacuum  Apparatus 


Pressure, 
mm.  Hg 

Condenser  temperature. 

°C. 

Separation 

No.  5 

No.  4 

No.  3 

No.  2 

No.  1 

Methane-ethane.  .  . 

.  .  0.25 

Liquid-air 

temp. 

-175 

-160 

-142 

-128 

Ethane-propane .  .  . 

.  .  0.1 

(( 

-100 

-143 

-128 

-113 

Propane-butane . .  . 

.  0.1 

a 

-142 

-128 

-113 

-100 

Butane-pen  tane . .  . 

. .  0.1 

(C 

-117 

-103 

-  90 

-  77 

Ward’s  apparatus95  is  typical  of  those  operating  at  very  low  pressure  to 
take  advantage  of  high  relative  volatility.  His  is  a  modification  of  the 
method  described  by  Shepherd  and  Porter.  He  uses  a  series  of  five  dis¬ 
tilling  and  condensing  bulbs,  No.  1  being  maintained  at  a  relatively  high 
temperature,  while  No.  5  is  at  the  lowest  temperature.  Only  the  lowest- 
boiling  component  passes  through  the  train,  and  others  are  condensed  out  at 
intermediate  points.  Typical  temperatures  and  pressures  employed  are 
shown  in  Table  X.  The  lightest  component  is  gradually  removed  and 
transferred  by  diffusion  and  Toepler  pumps  to  a  buret,  measured,  and  then 
subjected  to  Orsat  analysis.  Higher-boiling  components  are  treated  simi¬ 
larly.  The  Ward  method  is  especially  suitable  when  only  small  samples  are 
available.  A  minimum  of  150  cc.  gas  is  required,  and  no  attempt  is  made  to 
separate  relatively  close  boiling  mixtures  such  as  butane  and  isobutane. 
Savelli,  Seyfried,  and  Filbert96  have  described  further  details  of  such  a 
procedure  and  conclude  that  it  is  comparable  in  accuracy  and  somewha 
faster  and  more  amenable  to  standardization  than  low-temperature  frac¬ 
tionation  with  a  column. 

9*  Ward,  Ind.  Eng.  Chem.,  Anal.  Ed.,  10,  169  (1938).  sfisnoin 

99  Savelli,  Seyfried,  and  Filbert,  Ind.  Eng.  Chem.,  Anal.  Ed.,  13,  808  (19  ). 
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2.  Single  Simple  Distillation 

The  use  of  a  single  simple  distillation  has  been  developed  for  routine 
analysis  of  samples  whose  character  does  not  vary  widely.  Considerable 


TEMPERATURE.  #C.,  10%  over 

Fig.  30.  Empirical  curves  for  analysis  by  simple  distillation.97 


AMOUNT  OVER,  mm.  Hg 

Fig.  31.  Experimental  simple  distillation  curves.97 


preliminary  work  with  more  elaborate  apparatus,  or  with  known  mixtures 
is  required  to  standardize  such  methods  properly.  Rosen  and  Robertson* 


97  Rosen  and  Robertson  /ad.  Eng.  Chem.,  Anal  Ed.,  3,  284  (1931);  ibid.,  6,  12  (1934) 
Happel  and  Robertson,  rtad.,  6,  323  (1934).  ' 
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have  described  the  simple  distillation  of  three-component  hydrocarbon 
mixtures  The  procedure  is  very  similar  to  an  Engler  distillation,  and  the 
resulting  distillation  curve  is  interpreted  in  terms  of  empirical  curves  based 
on  prior  experiments  with  known  mixtures.  The  method  may  be  illus¬ 
trated  by  reference  to  Figures  30  and  31 .  In  Figure  31,  which  also  indicates 
the  reproducibility  of  the  method,  the  temperature  for  90%  over  is  close 
to  -38°C.,  while  for  10%  over  it  is  near  -58.5°C.  The  corresponding 
point  in  Figure  30  reads  about  4.5%  butane,  25%  ethane,  and,  by  difference, 
70.5%  propane.  The  method  is  stated  to  be  reliable  to  0.5%  of  any  com¬ 
ponent.  Other  graphs  can  be  constructed  for  the  composition  ranges 
encountered  in  routine  analysis.  Corrections  can  be  made  for  the  presence 
of  olefins  or  methane. 

Echols  and  Gelus98  describe  the  semimicro  analysis  of  multicomponent 
hydrocarbon-gas  mixtures  by  simple  isothermal  distillation.  Samples  of 
2  to  50  ml.  are  used.  The  sample  is  vaporized  and  a  series  of  observations 
made  on  the  residue  of  one  or  more  colligative  properties  such  as  vapor 
pressure,  dew  point,  refractive  index,  or  density.  The  Rayleigh  equation 
is  used  to  relate  these,  as  for  instance  still  vapor  pressure  to  still  composi¬ 
tion.  A  curve  of  vapor  pressure  versus  per  cent  vaporized  is  then  obtained. 
Determination  of  the  slope  of  the  curve  serves  to  fix  the  composition  of  any 
three-component  system,  while  additional  slopes  at  other  points  permit 
determination  of  composition  of  mixtures  with  more  than  three  compo¬ 
nents.  Experimental  results  are  not  close  enough  to  determine  more  than 
four  components.  If  five  or  more  components  are  present,  the  procedure 
is  repeated  for  two  or  more  temperatures.  Zook,  Oakwood,  and  Whit¬ 
more"  have  described  a  similar  procedure,  applicable  to  simpler  mixtures. 

98  Echols  and  Gelus,  Anal.  Chem.,  19,  668  (1947). 

99  Zook,  Oakwood,  and  Whitmore,  “Analysis  of  Hydrocarbon  Gas  Mixtures  by  Iso¬ 
thermal  Distillation,”  Division  of  Analytical  Chemistry,  Am.  Chem.  Soc.  Meeting, 
Sept.,  1944. 


3J0UJ  osijv  15 

•Sjo  -0S!M  15 

Pda  d  S 

•pda  S  § 

•pdo  a  2 

•pda  ]g  ^ 

N  ’Sjo  £ 

N  ’Sjoui  «o 

I^JUV  '6 

anaqmdBN  ^ 

•oia  'zh*D  2 

npaiota  «> 
»«« 

•Ajjap  ao 

npaio  - 

•aq  -pms  o 

pda  I  jo  aa  oj 

Pda  JO  ,* 

Pda  HOIOJ 

JO  OJO.J  n 

Pda  OHi 
jo  oj  «o 

•pda  a  i„ 

J)  IXSOJJIU 

o  lAnoqjBO 
apixo  », 
aP!JP<H  „ 
juamaia 


X 


X 


X  X  X  X  I  XXX 


X 


X 


X 


I  I 
I  I 
I  I 
I  I 
I  I 
I  I 
I  I 

X  I 

I  I 
I  I 
I  I 
I  I 

I  I 
I  I 
I  I 
I  I 
I  I 
I  I 
I  X 
I  I 

X  X 
I  I 
I  I 


! 

I 

i 

i 

i 

i 

i 

X 

I 

I 

I 

I 


X 


I 

X 

I 

I 

I 


X 


X 


I  X  I  X 


I  I  I  I 
I  I  I  I 

I  i  I  X 
l  I  X  I 
XI  I  I  X  I 


X 


I  I  I  I 

till 
I  I  I  I 

I  I  I  I 

I  I  I  I 

I  I  I  I 

till 

11,1 

I  I  I  I 

I  I  I  I 

I  x  I  I 

I  I  I  I 


I  I  I  I 

X  X  X  X  I  I 

I  I  I  I 

I  I  i  i  I  x 

1  I  I  l  X  I 

I  I  I  I  I  I 


I 
I 

X 

I 
I 
I 
I 

I 

l  X 

I 
I 

I 

I 


I 

I 

X 


£  4,*  £  ^  O  N  •<  E  >-  o  O  £  £  „  K 


0> 

rs 

*x 

o 

r* 

o 

£ 


-O 

x  3 

O 


£  &0 

g  o 
.2  £ 
O  "r*i 


O 
bfl 
O 
t- 1 


O 
-Q 

4>  ^  m  3  ™  r?  ®  •*>  43  au  a  ©  °  a  ?  t:  .2  <n  s  °  i  « 

aszzo£«Sssg|<5gsla|°gj|||g 


43 

a  c 
g  S  5 
o  m  -c 

M  " 


0) 

"3 

o 


«5  « 

*  £ 
O 


n  .2 


a 

o 

33 

u 


M 


O  O 

«  a 


o  - 

a 

-r  « 

>»  o 

33  *« 

o 


® 

a  •- 
3  o 
>-  3 
o  og 


® 

X 

o 

a 

tn 

o 

a 

o 

£ 


® 

T3 

"C 

O 

a 

03 


33 


03 

3 

O 
33 

*3  ft  a 

a  os  o 

o  fc, 

3  33  o 


®  „ 
73 
•r 


X 

o 

w 

£ 

O 

u 


O 

£ 

a 

M 


03  C©  03  CO  *0  *C  03  00  00  t- 

ISISSSSSSSsssi 

llllllllll~~~ 


O  Cl 


oo 


. 


r-  oo 

1^-  CO  1— I  © 

o  o  o  o 

»“<  »— I  *— I  T-i 

I  I  I  I 


■O  to  to  Tf 

2?  *o  oi  oi  oo 

03  03  03  do  CO  00 

I  I  I  I  I  1 

H«M^U3(0N0oo,OrtiMW 


•a 

<3 

s 

e 

*3> 

•*»> 

£ 

© 

© 


.O 

eS 


447 


Hydrogen  phosphide 


TABLE  XI  ( contd .).  Gaseous  Compounds  and  Volatile  Liquids  Arranged  in  Order  of  Increasing  Boiling  Points  at  Normal  Pressures 
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IV 


LIQUEFIED  GASES  AND  LOW-BOILING  LIQl  IDS 


Chronological  Bibliography  of  Low-Temperature  Distillation  Apparatus 


(Patents  not  included ) 


1915.  Burrell,  Seibert,  and  Robertson,  U.  S.  Bur.  Mines  Tech.  Paper  104  (1915) 
(simple  distillation  into  fractions) . 

1923.  Shepherd  and  Porter,  Ind.  Eng.  Chem.,  15,  1143-6  (1923)  (improvement  on 
Burrell,  Seibert,  and  Robertson). 

Leslie,  Motor  Fuels,  Chemical  Catalog  Co.,  New  \ork,  1923,  p.  555  (fore¬ 
runner  of  Podbielniak-type  columns;  not  a  low-temperature  column). 

1927.  Frey  and  Yant,  Ind.  Eng.  Chem.,  19,  492,  1358  (1927)  (low-temperature 

fractionating  column  based  on  Leslie  column;  5-mm.  brass  rings  for 
packing,  liquid  air  in  condenser  and  hydrogen  in  space  between  condenser 
and  column). 

1928.  Lucas  and  Dillon,  J.  Am.  Chem.  Soc.,  50,  1460  (1928)  (cut-glass  ring  pack¬ 

ing,  jacket  filled  with  cold  brine;  for  distillation  at  about  —  16°C.). 
Podbielniak,  Ph.D.  Thesis,  Univ.  Michigan,  1928. 

Oberfell  and  Alden,  Oil  Gas  J.,  27,  No.  22,  142  (1928)  (first  published  de¬ 
scription  of  Podbielniak  column,  from  Phillips  Petroleum  Co.,  which  had 
supported  Podbielniak’s  work  at  University  of  Michigan). 

1929.  Podbielniak,  Oil  Gas  J.,  27,  No.  35,  38  (1929);  ibid.,  No.  52,  30  (1929); 

ibid.,  28,  No.  21,  161  (1929);  Refiner  Natural  Gasoline  Mfr.,  8,  No.  3,  55 
(1929). 

Podbielniak  and  Committee  of  California  Natural  Gasoline  Association, 
Petroleum  World,  14,  No.  1,  102  (1929)  (comprehensive  description  of  low- 
temperature  distillation  apparatus  and  procedure;  apparatus  consisted 
of  a  glass  fractionating  column,  packed  with  a  single  wire  coil,  surrounded 
by  a  silvered  evacuated  glass  jacket  and  using  liquid  air  in  a  copper  vessel 
in  a  gasoline  bath  for  condensing). 

Davis,  Ind.  Eng.  Chem.,  Anal.  Ed.,  1,  61  (1929)  (column  of  spiral  glass  tubing 
surrounded  by  silvered  evacuated  glass  jacket;  condenser  cooled  with 
acetone -carbon  dioxide  mixture). 

Shepherd,  Bur.  Standards  J.  Research,  2,  1145-1199  (1929)  (isothermal  dis¬ 


tillation). 


1930.  Podbielniak,  Oil  Gas  J.,  29,  No.  20,  235  (1930). 

Schaufelberger,  Oil  Gas  J.,  29,  No.  16,  46  (1930)  (packing  of  double  spiral 
Nichrome  wire;  liquid  air  in  liquid  butane  for  condenser). 


1931.  Podbielniak,  Ind.  Eng.  Chem.,  Anal.  Ed.,  3,  177-88  (1931)  (complete  de¬ 


scription  and  history). 


Ebry  and  Engelder,  Ind.  Eng.  Chem.,  23,  1023  (1931)  (Midgley  wire  spiral 

nnotoH  timI-L  _ 1 _ \  **  F 


coated  with  carborundum). 


fen  and  Robertson,  Ind.  Eng.  Chem.,  Anal.  Ed.,  3,  2£ 
(sunple  distillation  analysis  of  three-component  mixtures). 
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A.  AND  E.  ROSE 


1932. 


1933. 


1934. 


1935. 


1936. 


1937. 


Davis  and  Daugherty,  Ind.  Eng.  Chem.,  Anal.  Ed.,  4,  193  (1932). 

McGillivray,  J.  Chem.  Soc.,  1932, 941  (modified  Podbielniak  column  for  puri¬ 
fication  of  ethane  and  methane;  packing  of  nickel-silver  wire  wound 
round  glass  rod,  forcing  vapors  through  a  spiral  annular  space). 

Podbielniak,  Oil  Gas  J.,  30,  No.  46,  68-69,  119-120  (1932). 

Frey  and  Hepp,  Ind.  Eng.  Chem.,  25,  441  (1933)  (ice  water  in  condenser; 
for  liquids  distilling  at  —10°  to  -f-10°C.). 

Podbielniak,  Ind.  Eng.  Chem.,  Anal.  Ed.,  5,  119,  135,  172  (1933). 

Podbielniak,  “Low-Temperature  Fractionation  Analysis  of  Natural  Gas 
.  .  .  without  Use  of  Liquid  Air,”  Am.  Chem.  Soc.,  Chicago  Meeting,  1933. 

Rosen  and  Robertson,  Ind.  Eng.  Chem.,  Anal.  Ed.,  6,  12-18  (1934)  (exten¬ 
sion  of  1931  work). 

Tropsch  and  Mattox,  Ind.  Eng.  Chem.,  Anal.  Ed.,  6,  235-241  (1934)  (im¬ 
provement  of  fractional-condensation  method  of  Tropsch  and  Dittrich, 
1925). 

Booth  and  Stillwell,  J.  Am.  Chem.  Soc.,  56,  1529-1530  (1934)  (first  of  Booth 
columns  for  purification  of  low-boiling  compounds:  dichlorosilane). 

Bosschart,  Ind.  Eng.  Chem.,  Anal.  Ed.,  6,  29-33  (1934)  (inverted  column; 
highest  boiling  components  recovered  first,  as  liquid  in  bottom  of  still; 
Range  +200  to  -170°C.). 

Kistiakowsky  et  al.,  J.  Am.  Chem.  Soc.,  57,  65-75  (1935);  ibid.,  876-883 
(1935)  (special  columns  for  purification  of  ethylene,  propylene,  butenes). 

Lang,  Ind.  Eng.  Chem.,  Anal.  Ed.,  7,  150-152  (1935)  (combination  Podbiel¬ 
niak  column  and  Shepherd  apparatus  for  complex  gaseous  mixtures). 

McMillan,  J.  Inst.  Petroleum  Technol.,  22, 616-645  (1936)  (review  of  previous 
work  and  comprehensive  comparison  of  Podbielniak  and  McMillan  (Cali¬ 
fornia  Natural  Gasoline  Assoc.)  columns;  packing  is  brass  spiral  wound 
round  vertical  wire;  condenser  cooled  by  liquid  air  flowing  over  metal 
beads) . 

Rose,  Ind.  Eng.  Chem.,  Anal.  Ed.,  8,  478-483  (1936)  (glass  triangle  packing; 
total  condenser  and  side  arm  take-off ;  Dewar  tube  around  still,  column, 
and  condenser). 

Booth  and  Bozarth,  Ind.  Eng.  Chem.,  29,  470-475  (1937)  (condenser  cooled 
by  liquid  air  or  solid  carbon  dioxide ;  apparatus  automatically  controlled ; 
auxiliaries  for  determining  properties  of  gases  purified). 

Fischer,  Z.  Ver.  deut.  Pig.,  Beiheft  Verfahrenstech.,  1937, 118-124  (separation 


of  ethane-ethylene  mixture). 

looderham,  /.  Soc.  Chem.  Ind.  London,  56,  26-36T  (1937)  (Dufton  spiral; 
buffer  vessel  at  top  of  column,  inside  condenser,  filled  with  gaseous  hydro¬ 
gen,  like  Frey  and  Yant  column).  ...  . 

,aird,  Oil  Gas  J.,  36,  No.  24,  58-59,  62,  65  (1937)  (metal  column  of  Podbel- 
niak  type;  solid  carbon  dioxide  used  for  condenser;  quick  and  accurate 


enough  for  rough  plant  work).  .  • , 

Ustrmv,  Z.  anal.  Chem.,  108,  305-309  (1937)  (used  high  vacuum  ;  liquid 
nitrogen  in  condenser;  column  itself  is  spiral  tube;  reflux  produced  m 
annular  space  in  condenser;  1000  cc.  gas  required  for  analysis o  jtu  - 
ated  paraffins  methane  to  pentane  or  methane,  ethylene,  and  ethane). 
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1938.  Schultze  and  Weller,  Ol  u.  Kohle  Erdol  u.  Teer,  14,  998-1011  (1938)  (ap¬ 
paratus  for  analysis  of  hydrocarbon  mixtures,  especially  butane  and  iso- 

butane). 

Simons,  Ind.  Eng.  Chem.,  Anal.  Ed.,  10,  30-31  (1938)  (column  for  -5  C. 
to  room  temperature;  vacuum  jacket  nonsilvered;  condenser  cooled  by 
ice,  ice  and  salt,  etc.;  in  same  article  glass  pressure  column  is  described 
for  pressures  up  to  5  atm.). 

Simons,  Ind.  Eng.  Chem.,  Anal.  Ed.,  10,  648  (1938)  (capacity  5  cc.;  column 
fits  into  1  qt.  vacuum  flask ;  glass  ring  packing ;  total  condenser) . 

Ward,  E.  C.,  Ind.  Eng.  Chem.,  Anal.  Ed.,  10,  169-171  (1938)  (uses  pressure 
of  1  mm.  Hg;  repeated  simple  distillation). 

1940.  Groll,  Reichsamt  Wirtschaftsausbau,  Priif.-Nr.  43  (PB52003),  79-88  (1940); 

Chem.  Abstracts,  41,  5757  (1947)  (packing  of  Cr-Ni  spiral;  column  7  mm. 
I.D.;  analyses  on  Cr-C6  hydrocarbons). 

Koch,  Reichsamt  Wirtschaftsausbau,  Priif.-Nr.  43,  93-102;  Chem.  Abstracts, 
41,  6492  (1947)  (6-meter  spiral  of  glass  tubing  5  mm.  I.D.;  chart  of  separa¬ 
tion  propane,  n-  and  isobutane,  and  isopentane) . 

Koch  and  Hilberath,  Brennstoff-Chem.,  21,  197-203  (1940)  (review;  same 
as  Koch  column  above;  total  condenser;  separation  described  of  pro- 
pane-propene,  isobutane-butane) . 

Schultze,  Reichsamt  Wirtschaftsausbau  Priif.-Nr.  43  (PB52003),  7-14 
(1940);  Chem.  Abstracts,  41,  6492  (1947)  (Podbielniak-type  column  with 
2-turn  brass  spiral;  liquefied  buffer  gas  in  head;  100  cc.  gas  mixture 
analyzed  with  accuracy  of  1%). 

1941.  Podbielniak,  Ind.  Eng.  Chem.,  Anal.  Ed.,  13,  639-645  (1941)  (Heli-Grid 

packing;  other  important  improvements). 

Savelli,  Seyfried,  and  Filbert,  Ind.  Eng.  Chem.,  Anal.  Ed.,  13,  868-879 
(1941)  (comparison  Podbielniak,  Ward,  and  other  types  of  analysis). 
Shepherd,  J.  Research  Natl.  Bur.  Standards,  26,  227-244  (1941)  (most  recent 
account  of  Shepherd  apparatus). 

1942.  Ramler  and  Simons,  Ind.  Eng.  Chem.,  Anal.  Ed.,  14,  430  (1942)  (modified 


Simons  small  column  for  —30  to  —  5°C.). 

1943.  Hilberath,  Ol  u.  Kohle,  39, 875-880  (1943)  (review  of  apparatus  with  figures 


and  comparative  tables). 


1944.  Booth  and  McNabney,  Ind.  Eng.  Chem.,  Anal.  Ed.,  16,  131-133  (1944) 
(automatic  controls). 

Douslin  and  Walls,  Ind.  Eng.  Chem.,  Anal.  Ed.,  16,  40-42  (1944)  (nressure 
control  for  low-pressure  apparatus.) 


still  containing  sodium  hydroxide  pellets  to  remove 


sulfide). 


water  and  hydrogen 


■  ™  ma.  nng.  Chem.,  Anal 

graduated  centrifuge  tube  for  kettle;  heating  wire 
ary  tube  of  measured  capacity  at  bottom). 


1  nal.  Ed.,  18,  153  (1946) 
wire  wound  around  capil- 
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Martin,  Australia  Council  Sci.  Ind.  Research,  Bull.  No.  197  (1946)  (McMil¬ 
lan-type  packing  of  aluminum  wire  wound  round  hard  metal  insert;  elab¬ 
orate  reflux  condenser;  detailed  discussion  apparatus,  procedure,  and  in¬ 
terpretation  of  results). 

1947.  Echols  and  Gelus,  Anal.  Chem.,  19,  668-675  (1947)  (multiisothermal  dis¬ 
tillation). 

Shepherd,  J.  Research  Natl.  Bur.  Standards,  38,  19-51  (1947)  (comparison 
of  analyses  of  standard  sample  by  various  laboratories;  agreement  not 
very  good). 

Starr,  Anderson,  and  Davidson,  Anal.  Chem.,  19,  409-412  (1947)  (study  of 
rates  of  charging  samples). 
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CHAPTER  V 


DISTILLATION  UNDER  MODERATE  VACUUM 


John  R.  Bowman  and  R.  Stuart  TiPSON,  Mellon  Institute  of  Industrial  Research 


I.  INTRODUCTION 


Distillation  under  moderate  vacuum  will  be  defined  as  that  in  which  the 


pressure  of  the  vapor  in  the  system  is  less  than  atmospheric  but  sufficiently 
high  that  the  mean  free  path  of  the  vapor  molecules  is  small  relative  to  the 
gap  between  the  distilland  surface  and  the  condensing  surface.  In  practice, 
this  includes  all  vacuum  distillations  performed  in  equipment  not  specifically 
designed  for  molecular  distillation  (see  Chapter  VI).  In  the  moderate- 
pressure  range,  certain  additions  to  and  modifications  of  the  equipment  and 
procedures  employed  for  distillation  at  atmospheric  pressure  are  necessary. 

The  principal  advantage  of  distilling  under  diminished  pressure  instead 
of  at  atmospheric  pressure  is  that  the  boiling  point  is  usually  lowered  con¬ 
siderably  (Fig.  1).  It  will  be  noted  that  this  diminution  is  much  greater 
at  lower  pressures;  this  is  because  the  pressure  of  a  vapor  varies  logarith¬ 
mically  as  the  inverse  of  its  absolute  temperature.  In  some  cases,  this 
permits  distillation  of  substances  subject  to  chemical  alteration  at  the 
normal  boiling  point.  For  example,  mannitol  or  dulcitol1  can  be  distilled 
at  276°  at  a  pressure  of  1  mm.  of  mercury.  Thermally  induced  changes 


of  the  distilland  thus  avoided,  or  greatly  diminished,  include  pyrolysis, 
rearrangement,  condensation,  and  polymerization.  Oxidation  is  usually 
obviated.  Vacuum  distillation  is  also  useful  for  heat-stable  compounds 
having  low  vapor  pressure  which  would  boil  at  inconveniently  high  temper¬ 
atures  at  atmospheric  pressure.  Examples  of  the  two  main  types  of  sub¬ 
stance  commercially  distilled  under  diminished  pressure  are  certain  lubri¬ 
cating  oils  and  some  essential  oils;  the  first  group  comprises  difficultly 
volatilized  but  highly  stable  compounds,  and  the  second  contains  reactive, 
moderately  volatile  materials.  In  the  second  group  are  many  of  the 
monomeis,  e.g .,  styrene,"  used  in  plastics  manufacture. 

The  principal  objectives  of  vacuum  distillation  may  be  either  of  the  two 
which  are  basic  to  all  distillations,  viz.,  separation  or  resolution  for  analysis 
1  Krafft  and  Dyes,  Ber..  28,  2583  (1895). 

(,»  30P5122'3r  ' “I19,4?  C'  A"  38'  3‘69-  Gadwa'  U'  S'  Fat-  2,370, 948 
o),  l.  A.,  39,  5122.  Cermak,  Instrumentation,  2,  No.  3.  7  (1946). 


463 


464 


J.  R.  BOWMAN  AND  R.  S.  TIPSON 


of  a  mixture.  The  first  is  by  far  the  more  important.  Although  the  sharp¬ 
ness  of  separation  depends  on  the  same  factors,  regardless  of  the  pressure, 
the  transitions  between  component  plateaus  during  a  vacuum  distillation 
are  usually  not  so  sharp  as  those  of  an  atmospheric-pressure  distillation 
and  are  therefore  more  difficult  to  follow.  Sometimes,  however,  transitions 
are  sharper  under  moderate  vacuum. 

A  much  less  frequent  use  for  vacuum  in  preference  to  atmospheric  dis¬ 
tillation  of  a  two-component  liquid  depends  on  the  increase  in  relative 
volatility  of  the  components  which  may  occur  as  the  pressure  is  diminished. 
This  application  may  be  found  convenient  for  systems  in  which  the  relative 
volatility  is  small  at  atmospheric  pressure  but  large  under  reduced  pressure. 
Homologous  series  of  compounds  often  display  this  property,  some  strongly. 


Fig.  1.  Effect  of  pressure  on  boiling  point  of  benzaldehyde. 


However,  when  the  substances  to  be  separated  are  very  different  chemically, 
there  are  exceptions;  specifically,  if  the  heat  of  vaporization  of  the  more 
volatile  component  is  much  less  than  that  of  the  other,  the  more  volatile 
will  have  a  steeper  vapor  pressure  -  temperature  dependence,  and  the 
relative  volatility  may  decrease  with  decreasing  pressure.  A  special 
application  of  this  principle  is  the  separation,  by  distillation  under  reduced 
pressure,  of  compounds  which  form  azeotropes3  at  atmospheric  pressure. 
In  nearly  all  such  systems,  reduction  of  the  pressure  causes  the  azeotrope 
composition  to  become  richer  in  the  more  volatile  component.4  Further 
reduction  of  the  pressure  may  then  debar  formation  of  any  azeotrope  (see 
Swietoslawski  and  Anderson5) .  The  ethanol-water  system,  which  gives  no 
3  Horsley,  Anal.  Chem.,  19,  508  (1947).  See  Chap.  I,  Sect.  Ill,  and  Chap.  Ill,  Sects. 


1  "r l^oTjyctZso,,  13,  146  (1861);  15  270  (1862* ^ 
sley,  Anal.  Chem.,  19,  601  (1947).  Nutting  and  Horsley,  ibid.,  19,  602  (1J  )•  y, 

Anderson,  “Determination  of  Boiling  and  Condensation  Tem¬ 
peratures,”  in  Weissberger,  ed„  Physical  Methods  of  Organic  Chemistry.  2nd  ed„ 
science,  New  York,  Part  I,  1949,  Chap.  IV,  Sect.  II. 
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azeotrope  below  70  mm.  of  mercury,  is  an  example.  Two  other,  less  i 
portant,  features  of  vacuum  distillation  may  be  mentioned.  One  is  the  use 
of  vacuum  to  attain  economy  of  heat  in  production  operations  involving 
several  stages;  the  other  is  to  permit  heat  transfer  from  a  low-temperature 
source,  e.g.,  low-pressure  steam. 

To  summarize,  vacuum  distillation  is  principally  used  m  the  laboratory 
for  separation  of  compounds  which  would  change  chemically  or  distil  too 
slowly  at  the  temperature  needed  for  atmospheric-pressure  operation. 
Furthermore,  in  some  cases,  the  yield  of  a  purified  product  is  higher  than 
is  obtained  by  recrystallization  or  other  separation  methods.  In  addition, 
certain  mixtures  inseparable  by  equilibrium  recrystallization,  e.g.,  a  eutec¬ 
tic  composition,  may  often  be  readily  separated  by  fractional  vacuum 
distillation. 


Although  the  history  of  ordinary  distillation  goes  back  to  ancient  times,  the  in¬ 
troduction  of  vacuum  distillation  is  relatively  recent.  In  1662,  Sir  Robert  Boyle7 
reported  the  evaporation  of  water  and  of  turpentine  under  diminished  pressure,  but 
did  not  effect  the  condensation  necessary  to  complete  the  distillation  cycle.  This  is 
rather  surprising,  since  he  was  greatly  interested  in  distillation  at  atmospheric 
pressure,  and  was  probably  the  first  to  employ  it  as  a  general  method  for  separating 
volatile  compounds  and  the  first  to  recognize  its  usefulness  as  an  analytical  method. 
Lavoisier  found  that  the  rate  of  evaporation  of  diethyl  ether  is  increased  under  di¬ 
minished  pressure,  and,  during  the  French  Revolution,  Lebon8  proposed  the  use  of 
vacuum  in  distillation.  The  pressure  was  to  be  diminished  by  letting  the  water 
run  out  of  a  long,  water-filled  pipe  attached  to  the  receiver,  but  it  is  not  known  if  he 
tested  the  procedure.  Howard,9  in  1813,  appears  to  have  been  the  next  to  study 
the  phenomenon.  .  He  presented  a  table  showing  the  lowering  in  boiling  tempera¬ 
ture  caused  by  diminishing  the  pressure  with  a  pump,  and  described  the  evapora¬ 
tion  of  aqueous  sucrose  solutions  in  the  first  steam-heated  vacuum  pan.  He  em¬ 
phasized  the  desirability  of  maintaining  the  vacuum  throughout  the  course  of  the 
evaporation  by  keeping  in  operation  a  vacuum  pump  connected  to  the  apparatus. 

Tennant10  designed  a  still  for  vacuum  distillation  of  sea  water  aboard  ship,  and 
shortly  thereafter  Tritton11  described  a  complete  vacuum  distillation  operation  in 
terms  readily  understandable  today.  He  observed  that,  in  the  distillation  of  spirits, 
heating  of  the  still  pot  with  a  direct  fire  caused  decomposition  which  led  to  inferior 


Merriman,  J.  Chem.  Soc.,  103,  628  (1913).  Lecat,  L' AzSotropisme.  Lamertin,  Brus¬ 
sels,  1918. 

Bo\  le,  isir  Robert,  A  ew  Experiments  Physico-mechanical  Touching  the  Air.  2nd 
ed.,  Hall,  Oxford,  1662,  pp.  202-204. 


8  Lebon,  Philippe,  Distillation  au  moyen  du  vide  el  du  froid,  French  patent  of  25  fructi- 
dor  de  l’an  IV  (i.e.,  Sept.  1 1,  1796). 

9  Howard,  Brit.  Pat.  3754  (1813);  compare  Romershausen,  Destillier-  und  Abdun- 
stungsapparat.  Zerbst  bei  Fuchsel,  1820,  and  Rillieux,  U.  S.  Pat.  3237  (Aug.  26  1843) 

10  Tennant,  Trans.  Roy.  Soc.  London ,  102,  587  (1814). 

“  Tntt°n’  Brit.  pat.  414°  (1817);  Annals  of  Philosophy,  11,  445  (1818).  Compare 
Barry,  J.  Chem.  Phys.  (Schweigger’s),  28,  250  (1820);  Brit.  Pat.  4376  (May  24,  1819). 
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tote  a,1(|  color  of  the  distillate.  He  reasoned  that,  if  the  boiling  temperature  of  the 
distilland  could  he  reduced,  the  still  pot  could  be  heated  by  external  application  of 
steam  without  any  danger  of  overheating.  To  reduce  the  boiling  temperature 
he  applied  vacuum  to  the  still.  In  1823,  Chevreul12  distilled  stearic  acid  and  oleic 
acid  under  diminished  pressure,  but  laboratory  vacuum  distillation  in  the  modern 
sense  of  a  process  for  isolation  and  purification  of  chemical  compounds  was  inde¬ 
pendently  introduced  by  Dittmar  and  by  Anschutz. 13  The  apparatus  they  de¬ 
scribed  would  not  look  unusual  in  the  chemical  laboratory  today. 

Industrially,  vacuum  distillation  was  discovered  independently  and  by  accident. 
In  1867 ,  Joshua  Merrill  was  distilling  a  900-gal.  batch  of  petroleum  in  Pennsylvania 
when  the  condenser  became  plugged.  The  charge  was  “too  heavy  for  illumination 
and  too  light  for  lubrication,”14  and  the  stoppage  was  probably  due  to  deposition 
of  wax  in  the  condenser.  The  pressure  became  so  great  that  the  fire  was  removed 
and  the  still  allowed  to  cool,  thereby  producing  a  vacuum.  When  it  was  opened, 
a  clear,  neutral  distillate  was  found  in  the  condenser.  Merrill  noted  later  that  a 
similar  distillate  could  be  prepared  by  the  use  of  superheated  steam  which  also 
acted  as  an  entrainer.  Large-scale  application  of  vacuum  distillation  to  petroleum 
oils  followed  quickly,  and  by  the  1870’s  the  Vacuum  Oil  Company  was  thriving  in 
Rochester,  New  York.  Extension  of  large-scale  vacuum  distillation  to  other  indus¬ 
tries  did  not  come  until  the  present  century.  Early  applications  in  this  field  were 
the  distillation  of  phenol  and  cresols15  and  steam-vacuum  distillation  of  glycerol.16 

The  use  of  open  steam  in  distillation  is  the  invention  of  Count  Rumford17  in 
1802.  He  not  only  described  the  process  in  detail  but  gave  an  excellent  theoretical 
treatment  of  the  mechanism,  which  he  described  as  “sweeping  away  vapors.”  The 
process  may  be  regarded  as  the  forerunner  of  entrainer- vacuum  distillation,18  a 
process  whioh  entails  judicious  admission  of  an  inert  gas  to  speed  up  distillation  and 
obviate  “bumping.”  Distillation  under  diminished  pressure  with  steam,19  super¬ 
heated  steam,20  or  other  suitable  vapor  can  be  accomplished. 


12  Chevreul,  Recherches  Chimiques  sur  les  Corps  Gras  d’Origine  Animate.  Levrault, 
Paris,  1823,  pp.  23,  77. 

13  Dittmar,  J.  Chem.  Soc.,  22,  446  ( 1869).  Compare  Kekul<§  and  Franchimont,  Ber.,  5, 
908  (1872)  and  Thorner,  ibid.,  9,  1868  (1876).  Anschutz  and  Reitter,  Die  Destination 
unter  vermindertem  Druck  itn  Laboratorium,  2  Aufl.,  Cohen,  Bonn,  1895. 

14  Peckham,  Report  on  the  Production,  Technology,  and  Uses  of  Petroleum  and  Its 
Products.  Govt.  Printing  Office,  Washington,  D.  C.,  1885,  pp.  162-163. 

16  Raschig,  Z.  angew.  Chem.,  28,  409  (1915). 

16  O’Farrell,  Brit.  Pat.  3284  (1881).  Compare:  W.  Clark,  ibid.,  5348(1881);  Van 
Ruymbeke,  U.  S.  Pats.  522,132  and  522,135  (1894);  Stockman,  Chem.  &  Met.  Eng.,  52, 


No.  4,  100  (1945). 

17  Thompson,  Benjamin,  Count  Rumford,  “Of  the  Use  of  Steam  as  a  Vehicle  for  Trans¬ 
porting  Heat,”  in  Essays,  Political,  Economical  and  Philosophical.  Vol.  Ill,  Caddell 
and  Davies,  London,  1802. 

19  Dittmar,  J.  Chem.  Soc.,  22,  446  (1869).  Kekul<§  and  Franchimont,  Ber.,  5,  908 

(1872).  Compare  Pellogio,  Z.  anal.  Chem.,  6,  396  (1867). 

19  Steinkopf,  Chem.  Ztg.,  32,  517  (1908).  Monhaupt,  ibid.,  32,  573  (1908).  Anon., 
ibid.,  32,  1083  (1908).  Hoering  and  Baum,  Ber.,  42,  3076  (1909).  Welde^ Biochem.  Z., 
28,  504  (1910).  Edelstein  and  Welde,  Z.  physiol.  Chem.,  73,  152  (1911).  Edelstein  and 

Csonka,  Biochem.  Z.,  42,  372  (1912). 

20  Harries  and  Haarmann,  Ber.,  51,  7S8  (1918). 
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II.  THEORY 

The  effects  of  pressure  reduction  on  distillation  processes  fall  into  thiee 
general  categories:  vapor  flow,  rectification  efficiency,  and  vaporization  and 
condensation  phenomena. 


1.  Fluid  Flow 

The  flow  characteristics  of  vapors  in  general  are  of  three  types.  There  is 
a  substantial  distinction  between  turbulent  flow  and  laminar  flow.200  The 
first  is  characterized  by  a  more-or-less  extensive,  small-scale,  random 
motion,  and  the  pressure  properties  of  the  flow  are  largely  dependent  on  the 
density  of  the  fluid.  In  laminar  flow,  a  steady  nonreversing  movement 
prevails  through  the  fluid,  and  the  action  may  be  described  as  a  pure  shear¬ 
ing  movement  of  sheets  of  fluid  over  each  other.  Under  these  conditions, 
the  pressure  characteristics  largely  depend  on  the  viscosity  of  the  fluid. 
In  liquids,  the  change  from  turbulent  to  laminar  flow  operation  is  always 
sharp  and  is  associated  with  a  critical  value  of  the  Reynolds  number,  Re,  a 
dimensionless  quantity21  given  by  an  expression  of  the  form : 


Re  =  (mass  rate  of  flow)  (a  length) /  (viscosity) 


In  gases,  on  the  other  hand,  the  transition  from  one  type  of  flow  to  the  other 
is  gradual,  especially  at  low  pressures. 

At  extremely  low  pressures,  a  third  kind  of  flow,  generally  known  as 
Knudsen  flow,22  prevails.  This  flow  differs  greatly  from  the  two  more 
familiar  ones,  and  appears  only  when  the  mean  free  path  of  the  vapor 
molecules  is  of  the  same  order  of  magnitude  as  the  diameter  of  the  duct, 
i.e.,  under  the  conditions  of  molecular  distillation  (see  Chapter  VI). 

In  nearly  all  distillation  operations  at  or  slightly  below  atmospheric  pres- 
suie,  the  vapor  flow  is  turbulent.  Under  these  conditions,  the  pressure 
di  op  in  the  vapor  lines  is  substantially  independent  of  the  absolute  pressure 
prevailing  in  the  system.  This  is  a  consequence  of  the  fact  that,  for  a  given 
throughput,  the  linear  flow  rate  increases  in  inverse  proportion  to  the  re¬ 
duction  in  pressure,  and  the  density  of  the  vapor  decreases  in  direct  pro¬ 
portion.  These  two  effects,  therefore,  counteract  each  other.  This  prin- 


20a 


tt  i  m1'*’ T"!Ieat.ing  an<J  Cooling,”  in  Weissberger,  ed.,  Technique  of  Organic  Chemistry, 
\  ol.  III.  Interscience,  New  York,  1950,  Chap.  I,  Sect.  II3B. 

21  Reynolds,  Trans.  Roy.  Soc.  London,  174,  935  (1883).  Compare:  Lamb,  Hydro¬ 
dynamics,  6th  ed.  (1st  Am.  ed.),  Dover,  New  York,  1945,  p.  663  et  seq.:  Drew  and 
Genereaux,  F low  of  1  luids,”  in  Perry,  ed.,  Chemical  Engineers'  Handbook,  2nd  ed  ,  Mc- 

“ p989.DUShman>  F°UMOnS  0/  ** 

22  Knud‘Sen’  Ann *  28>  75,  999  (1909).  See  Dushman,  op.  c it.,  p.  90. 
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ciple  cannot,  however,  be  extrapolated  to  extremely  low  pressures.  Even 
though  the  value  of  the  Reynolds  number  at  constant  throughput  for  a 
gi\  en  apparatus  is  superficially  independent  of  the  pressure,  a  different  type 
of  flow,  probably  laminar,  appears  at  a  pressure  of  about  10  mm.  of  mer¬ 
cury.  Below  this  pressure,  the  pressure  drop  at  constant  throughput  is 
almost  inversely  proportional  to  the  total  pressure.  Hence,  to  keep  the 
piessure  drop  constant,  the  throughput  must  be  reduced  proportionally  with 
the  pressure.  This  is  probably  in  consequence  of  the  fact  that,  under  lam¬ 
inar-flow  conditions,  the  viscosity  controls  the  pressure  drop;  to  keep  the 
pressure  drop  constant,  the  linear  flow  rate,  not  the  total  mass  throughput 
rate,  must  be  kept  constant. 

The  appearance  of  laminar-flow  characteristics  in  the  transport  of  vapor 
at  intermediate  pressures  may  be  associated  with  shock-wave  phenomena. 
The  rates  of  linear  flow  obtained  by  elementary  calculation  approach  the 
velocity  of  sound,  but  so  little  is  known  about  characteristics  of  gas  flow 
at  high  velocities  and  low  pressures  that  very  little  speculation  can  be 
made  as  to  the  fundamental  effects  concerned.  Perhaps  high-altitude, 
high-velocity,  wind-tunnel  data  will  some  day  find  application  to  vacuum 
distillation.  A  numerical  example  illustrates  the  magnitudes  of  these  phe¬ 
nomena.  Consider  the  distillation  at  atmospheric  pressure  of  a  material  of 
molecular  weight  200  at  a  rate  of  1000  g.  per  hour  through  a  cylindrical 
vapor  line  1.0  cm.  wide  and  10  cm.  long,  a  set  of  conditions  easily  realized. 
The  pressure  drop  will  be  of  the  order  of  1  mm.  of  mercury  and  the  vapor 
velocity  will  be  about  400  cm.  per  second.  If  the  pressure  is  now  reduced 
to  75  mm.  of  mercury,  the  velocity  will  increase  to  4000  cm.  per  second,  a 
high  yet  not  unreasonable  figure,  but  the  pressure  drop  will  alter  only 
slightly;  hence,  no  change  in  the  distillation  rate  or  in  the  apparatus  is 
necessary.  Now  consider  another  tenfold  reduction  of  the  pressure;  even 
neglecting  expansion  of  the  vapor  as  it  flows  along  the  tube,  the  pressure 
drop  becomes  of  the  same  order  of  magnitude  as  the  total  pressure  desired 
in  the  still  pot,  and  the  vapor  velocity  must  exceed  the  sonic  value.  Ob¬ 
viously  such  operation  is  impossible.23  Any  attempt  to  attain  it  will  result 
either  in  a  decrease  in  throughput,  or  an  increase  in  still-pot  pressure,  or 

both. 

Hence,  columns  intended  for  distillations  at  atmospheric  piessuie  ma)  )e 
of  little  use  at  low  pressures;  with  high  vapor  velocity  in  a  packed  column 
containing  reflux,  the  pressure  drop  is  so  high  that  excessive  temperatures 
in  the  pot  may  result.  Furthermore,  equilibrium  between  reflux  and  vapor 
is  not  approached,  and  the  liquid  reflux  may  be  swept  through  some  parts 
of  the  packing,  causing  vapor  channelling  in  other  paits. 

23  Griffiths,  Trans.  Inst.  Chem.  Engrs.  London,  23,  113  (1945). 
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2.  Rectification 


A.  countercurrent  contact  rectification 


The  usual  method  of  fractional  distillation  involves  gravitational  reflux 
to  give  contact  rectification.  A  two-way  transfer  of  material  between  liquid 
and  vapor  streams  flowing  countercurrently  is  effected  by  reason  of  the 
spontaneous  tendency  of  liquid  and  vapor  in  contact  to  approach  equi¬ 
librium.  The  vapor  at  any  point  is  always  poorer  in  the  “light”  material 
than  the  hypothetical  vapor  composition  which  would  be  in  equilibrium  with 
the  liquid  at  the  same  point.  As  a  consequence,  there  is  a  spontaneous 
transfer  of  “heavy”  material  to  the  liquid,  and  of  “light”  material  to  the 
vapor.  This  is  discussed  in  detail  in  Chapter  I.  Analysis  of  these  phe¬ 
nomena  at  low  pressures,  however,  brings  out  certain  dependencies  that  are 
unimportant  at  atmospheric  pressure.  In  the  latter  case,  the  interphase 
transfer  rates  are  so  small  relative  to  the  absolute  rates  that  the  liquid  and 
vapor  can,  for  practical  purposes,  be  said  to  be  in  equilibrium  with  each 
other  at  the  interface,  and  the  factor  controlling  the  process  is  diffusion  of 
material  to  and  from  the  interface.  On  the  other  hand,  the  absolute  rates 
of  vaporization  and  condensation  become  small  at  low  pressures  (see  Chap¬ 
ter  VI,  Part  1).  At  pressures  of  the  order  of  a  few  millimeters  of  mercury, 
they  may  become  the  slow  step  in  controlling  and  limiting  the  enrichment 
process. 

A  compensating,  favorable  effect  of  low  pressure  on  enrichment  is  the 
increase  in  diffusivity  in  the  vapor  phase.  This  is,  approximately,  in¬ 
versely  proportional  to  the  pressure,  but  its  advantage  lies  only  in  im¬ 
provement  of  transfer  in  the  vapor  phase,  because  diffusivity  in  the  liquid 
is  substantially  unaltered  by  pressure  changes.  Combining  the  two  effects, 
it  is  obvious  that,  at  pressures  below  atmospheric,  diffusion  in  the  liquid 
phase  controls  the  rate  of  the  process  and  a  further  increase  in  vapor  dif¬ 
fusivity  does  not  cause  appreciable  improvement  in  the  transfer  rate. 


The  increase  in  vapor  diffusivity  at  low  pressures  has  an  additional  effect ; 
and  this  one  is  unfavorable.  It  increases  longitudinal  mixing,  so  that  the 
vapor  stream  becomes  unable  to  support  large  concentration  gradients. 
This  is  not  serious  until  pressures  of  a  few  millimeters  of  mercury  are 
reached,  but  then  a  profound  effect  on  the  enrichment  is  exerted.  In  the 
limiting  case,  when  the  vapor  diffusivity  can  be  considered  infinite,  any 
column,  however  long,  would  have  a  uniform  vapor  composition  along  its 
length,  and  the  over-all  efficiency  can  be  shown  to  be  exactly  two  plates. 
Another  unfavorable  effect  of  pressure  reduction  is  the  great  increase  in 
inear  velocity  of  the  vapor.  This  velocity  becomes  large  relative  to  the 
in terphase  transfer  rates,  and  further  contributes  toward  poor  efficiency, 
o  >imng  these  effects>  and  taking  into  account  the  difficulties  con- 
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cerning  piessure  drop  discussed  in  Section  III,  it  becomes  evident  that 
gravitational  rectification  is  not  usually  effective  at  extremely  low  pres¬ 
sures.  No  critical  lower  limit  of  pressure  can  be  given,  because  the  relative 
effects  of  the  phenomena  concerned  depend  greatly  on  the  design  and 
dimensions  ot  the  apparatus  used.  From  practical  experience,  ordinary 
atmospheric-pressure  stills  (see  Chapter  II,  Part  1)  will  generally  function 
satisfactorily  down  to  a  pressure  of  a  few  centimeters  of  mercury.  Below 
this  value,  specially  designed  columns  should  be  used  down  to  a  few 
millimeters  of  mercury. 


B.  BATCHWISE,  COUNTERCURRENT  REDISTILLATION.  THERMAL  RECTIFICA¬ 
TION 


Finally,  in  the  range  between  about  1  mm.  and  molecular-distillation 
conditions,  contact  rectification  cannot  be  employed  to  any  useful  extent. 
Instead,  recourse  must  be  had  to  multiple  redistillation  to  achieve  enrich¬ 
ment  (see  Chapter  I,  Sect.  I).  In  such  processes,  simple  distillations  are 
used  repeatedly ;  each  achieves  very  nearly  one-plate  separations,  and  many 
stages  are  cascaded  with  suitable  intermediate  blending  of  fractions,  as  in 
cascade  recrystallization.24  The  schematic  principles  involved  resemble 
those  of  countercurrent  liquid-liquid  extraction.26  The  mechanism  by 
which  a  simple  distillation  achieves  separation  is  somewhat  different  from 
that  of  enrichment  by  contact  rectification.  In  a  simple  distillation,  the 
separation  is  achieved  by  the  controllable  net  change  of  phase.  As  a  liquid 
is  vaporized,  the  composition  of  the  vapor  is  fixed  either  by  equilibrium 
relations  or  by  absolute  vaporization  rates;  it  in  no  way  depends  on  spon¬ 
taneous  approach  toward  equilibrium.  In  the  range  of  a  few  millimeters 


of  mercury,  the  spontaneous  mechanism  of  contact  rectification  often  be¬ 
comes  so  slow  as  to  be  almost  useless,  and  the  phase-change  mechanism  is 
the  only  one  that  remains  usefully  available.  It  has  been  termed  “thermal 
rectification”26  to  distinguish  it  from  the  contact  rectification  obtainable  in 
conventional  columns. 

In  thermal  rectification,  independent  control  of  the  two  interphase  trans¬ 
fer  rates  is  possible.  Enrichment  may  be  effected  either  by  a  partial  vapor¬ 
ization  or  by  a  partial  condensation,  and  the  rates  of  both  can  be  controlled 
by  appropriate  addition  of  heat  to,  or  removal  from,  the  system.  Of  course, 
both  processes  occur  in  contact  rectification,  but  since  they  are  simultaneous 
and  spontaneous,  no  control  of  them  is  possible.  The  first  well  authenti- 

2“  See  Tipson,  “Crystallization  and  Recrystallization,”  in  Weissberger,  ed  Technique 
of  Organic  Chemistry,  Vol.  III.  Interscience,  New  York,  1950,  Chap.  VI’ 

'  26  See  L.  C.  and  D.  Craig,  “Extraction  and  Distribution,  in  Technique  of  Organic 

Chemistry ,  Vol.  Ill,  Chap.  IV,  pp.  171-311. 

26  Byron,  Bowman,  and  Coull,  Ind.  Eng.  Chem.,  m  piess. 
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cated  use  of  thermal  rectification  was  simple  multiple  redistillation27  with 
appropriate  blending  of  intermediate  fractions  between  distillations.  This 
method  of  enhancing  the  separation  obtained  by  a  single  simple  distillation 
probably  goes  back  to  the  Middle  Ages,  and  is,  therefore,  much  older  than 
contact  rectification,  which  was  not  made  precise  until  early  in  the  nine¬ 
teenth  century. 

Recently,  however,  several  devices,  horizontal  and  vertical  (see  also 
Chapter  VII),  have  been  described  which,  in  principle,  effect  in  a  single 
stage  the  equivalent  of  successive  multiple  redistillations  with  appropriate 
blending.  The  first  of  these  was  proposed  for  semimicro  operation.28 
A  small  sample  was  sealed  in  a  long,  evacuated  glass  tube  which  was  then 
slowly  pushed  horizontally  through  a  temperature  gradient.  As  this 


Fig.  2.  Horizontal  still  for  thermal  rectification.28 

operation  proceeded,  the  material  was  repeatedly  and  continuously  redis¬ 
tilled  from  a  region  near  the  hot  end  and  condensed  in  a  cooler  region 
(  lg.  2).  As  the  process  continued,  a  separation  was  achieved  in  which  the 
more  volatile  components  appeared  in  the  cool  end  and  the  “heavier” 
material  nearer  the  hot  end.  For  compounds  of  low  vapor  pressure,  the 
method  is  superior  to  gravitational  reflux  procedures  in  which  there  is 
difficulty  in  maintaining  a  reasonably  high  reflux  rate.  It  is  excellent  for 

^  n'T"  VOlUme  0f  diSti"a,Kl;  of  loss  due  to  holdup 

this  is  not  feasible  by  contact  rectification 

“rirh0d  °IVT1  rectificati0''  envoys  a  vertical,  unpacked 
e,  ft.  high,  in  which  alternate  sections  are  electrically  heated  and  air 

27  \\olcott,  U.  S.  Pat.  (Oct.  6,  1835). 

28  Von  Elbe  and  Scott,  U  S  Pat  9  iqc  q-iq  r  *  „ 

284(1938).  '  '  ’  ' 8,848  (194°);  Eng.  Chem.,  Anal.  Ed.,  10, 
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cooled.29  This  device  (Fig.  3)  resembles  a  conventional,  vertical  column 
and  is  used  with  an  ordinary  still  pot  and  accessories.  The  reflux  flows 


down  as  a  film  on  the  inner  surface  of  the  tube,  and,  at  each  heated  sene, 
a  fraction  of  it  is  revaporized.  This  vapor  is  generated  in  contact  with  he 
main  vapor  stream,  mixes  with  it,  and  begins  to  flow  up.  At  each  coole 

»  Schaftner,  Bowman,  and  Conti,  Tram.  Am.  Inst.  Chem.  Eng «.,  39,  77  (1943). 
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zone,  a  fraction  of  the  mixed  main  vapor  stream  is  condensed  directly  into 
the  reflux  stream,  mixes  with  it,  and  starts  to  flow  down.  The  heated  and 
cooled  zones  may  be  regarded  as  a  cascade  of  simple  vertical  stills  and  par¬ 
tial  condensers.  The  net  effect  is  to  achieve  separately,  and  in  a  con¬ 
trolled  manner,  the  two  effects  which  any  rectification  process  must  pro¬ 
vide:  transfer  of  “heavy”  material  from  the  vapor  into  the  reflux,  and 
transfer  of  “light”  material  from  the  reflux  stream  into  the  vapor.  The  still 
was  used  for  separating  a  mixture  of  m-  and  p-t.ricresyl  phosphates.  The 
column  was  equivalent  to  about  15  theoretical  plates. 

Experience  has  shown  that  this  type  of  column  is  only  effective  in  a 
rather  narrow  and  critical  pressure  range,  which,  for  most  systems,  lies 
between  about  0.5  mm.  and  5  mm.  of  mercury.  The  failure  of  the  process 
at  higher  pressures  is  probably  attributable  to  inadequate  mixing  in  the 
vapor  stream.  The  flow  of  the  vapor  is  apparently  laminar,  and,  unless 
the  pressure  is  low  enough  to  give  high  diffusivity  in  that  phase,  the 
vapor  formed  at  the  hot  zones  does  not  mix  adequately  with  the  main 
stream  but  remains  outside  it  and  flows  upward  to  the  next  cooled  zone, 
where  it  is  totally  condensed.  This  gives  a  recycling  effect  which  does  not 
contribute  to  enrichment  because  the  main  vapor  stream  merely  travels 
through  the  apparatus  as  a  streamlined  core.  The  low-pressure  limit  is 
fixed  by  longitudinal  diffusion.  As  mentioned  before,  if  the  diffusivity 
in  the  vapor  becomes  too  large,  the  stream  can  no  longer  support  a  concen¬ 
tration  gradient,  and  no  more  than  a  two-plate  separation  can  be  realized. 
This  lower  limit  of  pressure  is  probably  nearly  universal  for  columnar 
separations. 

Another  type  of  thermal  rectifying  column,  which  obviates  the  difficulty 
of  the  high-pressure  limit,  employs  concentric  tubes26  (Fig.  4).  The  reflux 
stream  flows  as  a  film  on  the  inner  surface  of  the  outer  tube,  and  external 
heat  is  uniformly  applied  to  this  tube.  The  inner  tube  is  rotated  on  its 
vertical  axis  and  is  cooled  by  circulation  of  a  coolant  through  it.  In  this 
device,  the  outer  tube  serves  as  a  continuum  of  simple  stills  and  the  inner 
as  a  continuum  of  condensers.  The  main  flow  of  the  vapor  is  radially 
inward  to  the  inner  tube,  where  it  is  condensed,  and  then  the  condensate 
is  centrifugally  thrown  outward  as  a  spray  into  the  flowing  film  of  reflux. 
Fresh  vapor  is  continuously  and  uniformly  generated  over  the  entire  surface 
of  the  reflux  film.  Superposed  upon  the  inward  flow  of  vapor  is  an  upward 
component  of  flow  which  is  equal  to  the  throughput.  Columns  of  this 
type  have  been  operated  efficiently  from  atmospheric  pressure  down  to  a 
few  tenths  of  a  millimeter  of  mercury,  at  which  pressures  the  longitudinal 
diffusion  effects  seriously  impair  the  results. 

The  theory  of  the  performance  of  thermal  rectification  devices  is  far  more 
complicated  than  that  for  contact  rectification  stills,  and  as  a  rule  each  de- 
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vice  must  be  subjected  to  individual  mathematical  analysis.  For  details 
on  specific  cases,  the  reader  is  referred  to  the  original  literature  cited.  In 
general,  the  equations  of  performance  for  thermal  rectifiers  are  quite  differ¬ 
ent  from  those  for  contact  devices.  For  example,  in  thermal  rectification, 
there  is  no  exact  equivalent  of  a  theoretical  plate  as  a  usefully  invariant 
concept.  Although,  for  any  given  run,  an  equivalent  number  of  plates 
could  be  computed  for  any  given  column  using  the  conventional  contact- 
enrichment  formulas,  the  number  so  derived  will  vary  for  different  opera¬ 
tions  of  the  same  column. 

The  rational  unit  for  invariant  evaluation  of  thermal  rectification  col¬ 
umns  has  been  termed  the  “heat  ratio”,26  and  defined  as  the  ratio  of  heat 
applied  to  the  column,  useful  in  effecting  enrichment,  to  the  heat  applied  to 
the  still  pot,  useful  only  in  effecting  distillation.  This  quantity  is  invariant 
and  is  quite  the  equivalent  of  the  number  of  theoretical  plates  in  contact 
rectification.  Surprisingly,  for  many  types  of  separation  the  “heat  ratio” 
is  numerically  nearly  equal  to  the  equivalent  number  of  theoretical  plates. 
An  intuitive  explanation  of  this  coincidence  follows  from  recognition  of  the 
“heat  ratio”  as  vaguely  equivalent  to  a  simple  distillation,  which,  in  turn 
is,  in  a  poorly  defined  way,  equivalent  to  a  theoretical  plate.  These 
equivalences  are  by  no  means  quantitative,  nor  can  they  be  made  so. 
A  few  generalizations  can,  however,  be  made.  The  broadest  is  that,  as  the 
difficulty  of  the  separation  increases,  the  required  value  of  the  “heat  ratio” 
becomes  numerically  slightly  less  than  the  required  number  of  theoretical 
plates.  This  divergence  increases  with  increasing  number  of  plates  and 
with  decreasing  relative  volatility,  charge  concentration  with  respect  to  the 
light  component,  and  reflux  ratio.  Exceptions  are,  however,  readily  found. 

3.  Vaporization  and  Condensation 

Vaporization  and  condensation  phenomena  are  both  affected  by  reduc¬ 
tion  of  pressure.  The  most  important  and  best-known  effect  is  the  con¬ 
current  reduction  in  temperature  at  which  the  two  processes  will  occur. 
In  fact,  this  is  the  principal  phenomenon  which  makes  vacuum  distillation 
useful.  ’  According  to  Hickman30  many  compounds  which  boil  with  decom¬ 
position  at  about  350 °C.  at  760  mm.  will  distil  unchanged  at  160  to  210° 
at  10  mm.,  at  100  to  130°  at  0.01  mm.,  and  at  40  to  60°  at  0.0001  mm.  The 

theoretical  aspects  are  discussed  in  Chapter  I. 

One  of  the  annoying  effects  of  pressure  reduction  on  the  vaporization 
process  is  the  great  increase  in  the  tendency  of  liquids  to  “bump”  when 
boiled  under  vacuum.  No  rigorous  theoretical  treatment  of  bumping  can 
be  given,  but  a  qualitative  explanation  is  easy.  The  effect  is  probably 

30  Hickman.  J.  Franklin  Inst.,  213,  119  (1932). 
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largely  due  to  surface  tension.  The  surface  tension  tends  to  give  high 
pressure  in  the  bubble  seed  relative  to  the  pressure  at  which  the  distillation 
is  being  performed.  Since  the  pressure,  generated  by  surface  tension,  in¬ 
side  a  bubble  increases  rapidly  as  the  size  of  the  bubble  is  decreased,  it  may 
easily  approach  and  even  exceed  the  pressure  at  which  the  distillation  is  to 
be  performed.  Bubbles  can  then  form  only  by  extreme  superheating,  and, 
as  soon  as  growth  commepces,  they  may  enlarge  at  an  explosive  rate.  Once 
started,  the  reduction  in  internal  pressure  as  the  bubble  grows  permits  rapid 
vaporization  and  relieves  the  superheat,  d  he  effect  of  surface  tension  is 
illustrated  by  the  general  experience  that  liquids  which  foam  do  not  usually 
bump,  and  that  the  foaming  property  is  usually  associated  with  low  surface 
tension. 

Another  cause  of  bumping  is  the  hydrostatic  head  in  the  pot.  In  pot- 
type  distillations,  heat  is  almost  always  applied  to  the  bottom  of  the  pot, 
i.e.,  to  a  portion  of  the  liquid  under  a  hydrostatic  head  which  may  be  many 
times  greater  than  the  operating  pressure  desired.  When  this  prevails, 
boiling  is  obviously  impossible  without  great  superheating. 

In  distillation  in  the  lower  region  of  the  pressure  range  under  consideration 
here,  true  boiling  in  the  ordinary  sense  usually  does  not  occur  at  all. 
There  is,  instead,  a  rapid  evaporation  from  the  exposed  surface  of  the 
liquid,  and  no  bubbles  form.  In  this  event,  there  is  always  substantial 
superheating  throughout  the  liquid,  and  sometimes  a  large  amount  in  the 
layers  in  contact  with  the  heat-input  surface.  In  the  range  of  moderately 
high  vacuum  this  general  superheat  is  necessary.  The  very  term  “boiling 
point”  is  an  unfortunate  misnomer.  The  boiling  point  is  conventionally 
taken  to  mean  the  temperature  at  which  this  vapor  pressure  of  the  material 
has  a  given  value.31  It  is  thus  an  equilibrium  concept,  not  a  kinetic  one, 
and  we  have  the  curious  paradox  that  no  liquid  boils  at  its  boiling  point. 
1  he  boiling  point  may  be  redefined  as  that  temperature  at  which,  at  a  given 
pressure,  the  liquid  just  does  not  boil.  To  effect  a  change  of  phase  from 
liquid  to  vapor  we  must  have  superheat.  At  atmospheric  pressure,  the 
extent  of  superheat  required  to  effect  useful  vaporization  rates  is  generally 
small,  but  in  vacuum  processes  it  may  be  very  large. 

Application  of  vacuum  has  little  effect  on  the  total  condensation  process, 
as  employed  in  distillation,  other  than  to  reduce  the  temperature  at  which 
it  occurs.  1  he  effect  on  partial  condensation  is,  however,  profound  In 
partial  condensation  at  pressures  of  the  order  of  atmospheric  and  higher, 

LIT  tuTT!8  are  selective‘y  condensed  only  at  the  start  of  the 
TZ  Z  J  ,  f  t0  an,  ^cumulation  of  “light”  material  in  the  vapor 
phase  near  the  interface,  and  to  the  building  up  of  concentration  gradients 

t-  this  “*•>>  2-d  ed”  ** 
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extending  backward  into  the  bulk  of  the  vapor.  As  a  result,  the  interface 
film  in  the  vapor  phase  reaches  a  concentration  which  is  in  equilibrium  with 
a  hypothetical  liquid  having  the  composition  of  the  vapor  feed,  and  the 
condensate  has  nearly  the  same  composition. 

As  pointed  out  before,  reduction  of  pressure  increases  the  diffusivity  in 
the  vapor  phase.  A  sufficient  reduction  has  a  strong,  favorable  effect  on 
the  selectivity  of  a  partial-condensation  process.  The  increased  diffusivity 
permits  diffusive  flow  of  the  “light”  component  away  from  the  interface 
against  the  mass  flow  of  the  vapor  stream  toward  the  interface,  allowing  the 
heavy  material  to  be  selectively  condensed  in  accordance  with  the  equi¬ 
librium  relations  for  the  system.  This  favorable  effect  is  observed  in  a 
pronounced  way  in  thermal  rectification,  especially  in  rotary-type  columns. 
At  pressures  of  the  order  of  atmospheric,  the  enrichment  probably  arises 
almost  solely  from  the  partial  vaporization  action.  The  partial  condensa¬ 
tion  under  these  conditions  is  nearly  nonselective  and  is  required  only  to 
maintain  relatively  uniform  flows  along  the  two  streams.  In  the  moderate- 
vacuum  region,  however,  the  apparent  efficiency  of  rotary  thermal  columns, 
expressed  in  heat  ratio  units,  nearly  doubles.  This  must  be  ascribed  to  the 
contribution  of  selective  partial  condensation  to  the  over-all  separative 
action. 

III.  APPARATUS 

Reduction  of  pressure  from  atmospheric  to  a  moderate  vacuum,  e.g.,  a  few 
centimeters  of  mercury,  requires  additions  to  the  equipment  conventionally 
used  for  atmospheric-pressure  operation  (see  Chapter  II,  Part  1);  these 
include  a  pump,  gage,  trap,  and  device  for  changing  receivers.  In  this 
pressure  range,  these  are  used  in  much  the  same  way  as  for  distillation  under 
a  few  millimeters  of  mercury,  but  the  latter  range  requires  more  profound 
alterations  in  equipment  design. 


1.  Stills 

A  still  consists  essentially  of  a  distilling  flask  or  “pot,”  a  head,  a  con¬ 
denser,  and  a  receiver.  It  may  include  a  column.  .  Stills  are  of  two  genera 
kinds*  in  one  (retort),  the  condensing  surface  is  situated  to  one  side  of  t  le 
vaporizing  surfac e-deMalio  ml  lotus;  in  the  other  (alembic),  it  is  above 
the  vaporizing  surfac e-destillalio  per  oscens  Combinations  of  the  t 
are  often  employed.  All  glassware,  preferably  pyrex  must  be  strong 
enough  to  withstand  the  external  pressure;  neverthele^  the  worked 
wear  goggles  and  place  a  safety-glass  shield  in  front  of  the  et  •  P 

pel's  must  be  tight ;  rubber  stoppers  may  be  lightly  smeared  with  c^to  h 
For  high  temperatures,  Silicone  rubber  stoppers  or  ground-glass 
lubricated  with  Silicone  oil  are  preferable.  The  interchangeable  joints 
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may  be  used  even  for  low  pressures.  For  details  of  joints,  connect  ions,  and 
sealing  compounds,  see  Chapters  II,  Part  1,  and  VI  Part  2  Conven¬ 
tional  methods  of  heating  the  pot  may  be  employed;  these  include  water, 
glycerol,  oil,  or  metal  baths,  and  electric  mantles  (see  Chapter  11,  Fart  1, 
and  Egly,  this  series,  Vol.  Ill,  Ch.  I,  Sect.  IV). 


A.  HORIZONTAL  STILLS 

Horizontal  stills  are  used  for  separation  of  certain  mixtures  of  liquids  of 
greatly  different  volatility,  for  concentration  of  solutions,  and  for  batch- 
wise,  fractional  redistillation.  A  typical  assembly  is  depicted  in  Figure  5. 
The  ordinary  distilling  flask  shown  is  satisfactory  for  distillations  at  pres¬ 
sures  down  to  15  mm.  of  mercury.  The  distilland  is  placed  in  this  flask, 
and  boiling  stones  or  glass  wool  are  added  (see  Sect.  IV).  A  thermometer 
is  inserted  in  the  neck  of  the  flask,  with  its  bulb  opposite  or  slightly  below 
the  side  arm.  To  the  side  arm  is  attached  a  Liebig  condenser  and  cooled 
receiver,  and  the  whole  evacuated  by  means  of  a  water  pump,  connected  by 
stout  rubber  tubing  to  a  trap  and  mercury  manometer  as  shown.  The 
distilling  flask  is  surrounded  by  a  bath  whose  upper  level  is  above  the 
distilland  level,  to  lessen  the  tendency  to  bump.  In  some  cases,  it  may  be 
desirable  to  immerse  the  flask  as  completely  as  possible,  or  to  lag  the  neck 
with  asbestos  cord.  The  bath,  which  may  be  covered  with  an  asbestos 
plate,  is  gradually  heated  until  distillation  commences,  and  is  then  kept 
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en trainer-vacuum  distillation. 


at  a  constant  temperature,  adequate  for  steady,  not  too  rapid,  distillation, 
until  distillation  slows.  The  vacuum  is  now  gradually  released,  the  re¬ 
ceiver  changed,  the  system  re-evacuated,  and  the  hath  temperature  raised 
until  distillation  recommences.  In  this  way,  a  number  of  fractions  of 
distillate  may  be  obtained. 

In  entrainer^vacuum  distillation ,  bumping  is  obviated  by  admission  of  a 
fine  stream  of  bubbles  of  inert  gas,  e.g.,  hydrogen,32  at  the  bottom  of  the 
distilland,  through  a  fine,  hairlike  capillary  which  should  be  drawn  out  in  at 
least  three  stages.  The  lower  the  operating  pressure,  the  finer  the  capil¬ 
lary  needed.  A  plastic  balloon  filled  with  inert  gas  may  be  employed 
for  introducing  entrainer  into  the  top  of  the  capillary  when  distilling 
readily  oxidized  compounds.  The  same  device  may  be  used  in  conjunction 
with  flutter-valve  manostats.  For  use  with  a  capillary,  a  two-necked 
Claisen  flask33  as  depicted  in  Figure  6a,  is  convenient.34  The  simplifies 


32  Richter,  Ber.,  49,  2339  (1916). 

33  Claisen,  Ann.,  277, 162  (1893). 

34  Barnitz,  J.  Am.  Oil  Chemists'  Soc.,  26,  No.  3,  104  (1949). 
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assembly35  shown  in  this  figure  is  useful  if  a  quantitative  yield  is  not  desired. 
The  water-delivery  tube  may  be  swung  to  give  various  degrees  of  cooling. 
The  apparatus  may  also  be  employed  for  evaporating  solutions  of  solids. 
The  still  head  shown  in  Figure  6b  may  be  used  for  continuous  addition  of 
solution  to  the  distilling  flask.  An  improved  Claisen  flask  (Fig.  7a)  is 
provided  with  a  pear-shaped  bottom  so  that  there  may  be  less  still  residue 
and  the  capillary  may  reach  the  bottom  even  near  the  end  of  the  distillation. 
In  addition,  the  upper  ends  of  the  necks  are  constricted  and  the  capillary 
and  thermometer  are  held  in  place  with  gum  rubber  tubing  lightly  smeared 
inside  with  castor  oil  and  wrapped  with  adhesive  tape.  This  device  ob¬ 
viates  contact  of  hot  vapor  with  the  rubber.  The  distilland  is  introduced 
into  the  flask  through  a  funnel  having  a  long,  narrow  stem.  Small  models 
of  this  apparatus  may  be  employed  for  semimicrodistillations;  the  receiver 
may  be  cooled  in  dry  ice  -  chloroform. 

A  further  modification  (Fig.  7b)  consists  in  elongation  of  one  neck  and 
introduction  of  packing33-36  or  provision  of  bulbs,  or  of  a  series  of  indenta¬ 
tions  almost  meeting  in  the  center,  to  give  a  fractionating  column.  The 
still  then  employs  both  vertical  and  horizontal  features  of  condensation. 
The  end  of  the  elongated  neck  may  be  sealed  off  and  provided  with  a  sealed- 
in  mercury  well  into  which  a  thermometer  may  be  inserted.  Columns  may 
be  used  with  compounds  which  boil  below  about  170°  under  vacuum  and 
which  do  not  undergo  chemical  change  when  considerably  superheated. 
The  column  may  be  made  removable;  it  is  then  sometimes  useful  in  the 
separation  of  a  low-  from  a  high-boiling  compound  as  follows:  After  all  the 
low-boiling  component  has  been  distilled  off  and  the  high-boiling  material 
has  started  to  distil,  the  distillation  is  interrupted  and  the  rest  of  the  charge 
distilled,  without  a  column,  into  a  single  receiver. 

If  the  distillate  crystallizes  readily  in  the  side  arm ,  this  tube  should  be 
made  wide  and  be  heated,37  e.g .,  electrically,38  to  a  temperature  slightly 
above  the  melting  point;  it  may  be  necessary  to  use  a  fresh  delivery  tube 
for  each  fraction.39  At  pressures  below  about  15  mm.  of  mercury,  the  width, 


Fischer:  see  Wohl,  Chem.  Ind.  Berlin ,  42,  270  (1919);  Rummer,  Chem. 
rTah/lk'  ’  7n[Xm)\  I]urger’  J ■  Lab '  Clin-  Med->  25>  1221  (1940).  Compare:  Davis 

m'Jy3n Th"1,'/  V4'  548  (1042,;  IIilussler’  Chem ■  Tah-  >5.  240 

17  SM  '•Jni\Ey.'Ch*m  ’  AnaL  Ed  ’  16'  374  owl);  Barthel  and  Haller,  ibid., 

17,  529  (1945);  Grant,  ibid.,  18,  729  (1946). 

Michael,  ./.  prakt.  Chem.,  47,  197  (1893);  Lederer,  Chem.  Ztq.  19  751 

1911  •  Hillhae  ’  !n’  3f4’  f028  (1901);  Willst^tter’  Mayer>  and  Huni,  Ann!,  378,  73 
(1911),  Hillyer  and  Deutschman,  Anal.  Chem.,  20,  1146  (1948) 

37  Haehn,  Z.  angew.  Chem.,  19,  1669  (1906). 

38  Bredt  and  van  der  Maaren-Jansen,  /1/m.,  367,  354  (1909) 

38  Emery,  Ber.,  24,  596  (1891). 
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length,  and  position  of  the  side  arm  become  increasingly  important.40 
First,  if  this  tube  is  too  narrow,  perhaps  by  only  a  few  millimeters,  the 
velocity  of  the  vapors  is  greatly  diminished,  even  though  the  pressure  at  the 
receiver  is  satisfactorily  low.  Second,  the  side  arm  should  be  short.  Third, 


if  it  is  too  high,41  the  temperature  needed  to  give  a  certain  distillation  rate 


at  a  given  pressure  is  much  higher  than  if  the  tube  is  nearer  to  the  surface 
of  the  liquid.  Pressure  drop  through  the  side  arm  may  be  obviated42  by 
condensing  the  vapor  in  an  alembic  head  in  the  neck  of  the  flask,  as  in  a 


total-condensation,  variable  take-off, 
still  head  (see  Sect.  III5). 


A  water-cooled  condenser  is  usually 
needed  only  for  compounds  boiling  below 
about  130°  under  vacuum.  For  high- 
boiling  substances,  an  air-cooled  con¬ 
denser  or  a  cooled  receiver  generally 
suffices.  If  the  distillate  is  sensitive  to 
air  or  moisture,  the  receiver  may  be  so 
constructed  that  it  may  be  sealed  off, 
without  ingress  of  air,  at  the  end  of  the 
distillation.  If  the  hot  distilland  and 
vapor  are  readily  oxidized,  or  if  very 
precise  fractional  distillation  is  necessary, 
a  device  to  permit  interchange  of  receivers 


Fig.  8.  “Udder”  types  of  receiver 
changer. 


during  the  distillation,  without  interruption  of  the  vacuum  and  of  ebullition, 
must  be  incorporated.  Such  changers  are  of  three  kinds.  In  one  type, 
the  “pig”  or  “udder,”  provision  is  made  for  altering  the  direction  of  the 
delivery  tube  relative  to  a  receiver,43  or  vice  versa,  so  that  successive  frac¬ 
tions  of  distillate  flow  into  different  receivers  in  turn  (Fig.  8).  In  addition 
to  those  shown,  a  modified  vacuum  desiccator,  having  two  side  tubes, 
e.g.,  in  the  walls,  and  a  central  hole  in  the  lid,  may  be  employed.44  A 

«  Hickman  and  Sanford,  J.  Phys.  Chem.,  34,  637  (1930);  Rev.  Sci.  Instruments,  1,  140 
(1930).  Hickman  and  Weyerts,  J.  Am.  Chem.  Soc.,  52,  4714  (1930).  Hickman,  J. 
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set  of  test  tubes  is  arranged  circularly  in  a  rack  which  may  be  turned  by 
means  of  a  handle  extending  through  a  stopper  in  the  center  of  the  lid. 
The  end  of  the  condenser  enters  one  side  arm  and  distillate  is  caused  to  ia 
into  each  test  tube  in  turn.  The  other  side  arm  serves  for  connection  to 


ig.  9.  Stopcock  types  of  receiver  changer.  See  page  482  et  seq. 


the  pump.  1  hese  “udder”  types  are  unsatisfactory  for  low-boiling  liquids 
since  all  the  receivers  intercommunicate,  and  there  may  be  interchange  of 
vapors  between  the  fractions. 


304  fI89n  R  t  0°J)  /  8^  '  vah  baUm’  er •’  28,  392  (1895)-  Biltz-  Chen.  Ztg  19, 
fmfil  lil .  .7^%  Ch*mSZt9"  4’  563  (1901 ).  Haehn,  Z.  angew.  Che  in.,  19,  ioGO 
Uf)be  ohde’  lbld-'  19»  757  (1900).  Krafft,  Her.,  40,  4779  (1907)  Del6pine 

Znimv: ' 411  (1<J08)- Patterson and Va" ^ **•<?*£ ^TZ; 
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The  second  kind  of  changer  makes  use  of  stopcocks ,45  three  of  which  are, 
in  principle,  needed:  one  to  close  off  the  still  from  the  receiver,  one  to 
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Fig.  10.  Receiver  changer  with  metal  valve.16 

*  Thorne,  J.  Chem.  Soc.,  43,  301  (1883);  Ber.,  16,  1327  (1883).  L.  Meyer,  ibid.,  20, 
1833(1887).  Lederer,  Chem.  Ztg.,  19,  751  (1895).  Fogetti,  ibid.,  24, 374  (1900).  Skraup 
Monatsh.,  23,  1162  (1902).  Bertrand,  Bull.  soc.  chi m.,  29,  778  (1903).  Alter  Chem. 
Ztg.,  28,  819  (1904).  De  Florin,  ibid.,  32,  56  (1908).  Roseanu,  ibid  32,  139  (1908). 
Kolbe  ibid  32  487  (1908).  Freundlich,  ibid.,  32,  820  (1908).  Bogert,  Ind.  Eng, 
Chen.,  7,  785  (19.5).  Kohen,  CW  Ztg.,  45,  638  (1921).  Lo-ng  and  Kl«, 
Chem.  Fabrik,  7,  66  (1934).  Willingham  and  Rossini,  J.  Research  Natl.  Bur.  Standa  , 

37,  15(1946). 

«  Williams  and  Glasebrook,  private  communication. 
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break  the  vacuum  on  the  receiver  after  the  still  has  been  shut  oft,  and  one  to 
permit  evacuation  of  the  fresh  receiver  after  it  has  been  put  in  place. 
Several  arrangements  are  possible,  some  involving  multiple-bore  stopcocks 
(Fig.  9).  Such  “triangle”  changers  are  more  convenient  than  the  “udder” 
type  for  collection  of  a  large  number  of  fractions  of  distillate,  but  have  the 
disadvantage  that  the  pressure  in  the  system  builds  up  while  the  receiver 
is  being  changed.  In  the  device  shown  in  Figure  9  (upper  left)  a  first 
fraction  is  collected  in  D,  which  may  be  graduated,  with  A  and  B  open  and 
C  closed.  Then  A  is  closed,  C  is  opened,  and  the  distillate  flows  into  E. 
C  is  now  closed,  A  is  opened,  and  the  three-way  cock  B  is  turned  to  let  air 
into  E.  E  is  removed,  replaced  with  an  empty  receiver,  and  the  operation 
repeated.  The  receiver  shown  in  Figure  10  is  satisfactory46  for  operation 
in  the  range  of  1  to  760  mm.  pressure.  A  metal  valve,47  which  eliminates 
leakage  at  the  most  critical  place,  is  connected  between  the  two  sections 
of  the  receiver  by  means  of  Kovar-to-glass  seals.48  First,  the  valve  is 
soft-soldered  to  a  brass  block,  1X3  inches,  which  is  then  bolted  to  a  Tran- 
site  sheet,  29  X  6  X  0.25  inches.  The  valve  is  set  at  a  slight  angle  to  the 
plane  of  the  Transite  to  ensure  complete  drainage  from  the  valve.  The 
short  sections  of  Kovar  tubing  are  soft-soldered  to  the  valve  to  make  a 
vacuum-tight  connection.  Stopcock  A  may  be  closed  as  required  to  clean 
and  lubricate  three-way  stopcock  B;  C  may  be  lubricated  when  the  lower 
receiver  is  at  atmospheric  pressure.  After  removal  of  a  fraction  from  the 
lower  receiver,  the  latter  may  be  re-evacuated  to  column  pressure  either  by 
opening  B  very  slowly  or  by  using  an  auxiliary  pump  to  lower  the  pressure 
to  that  of  the  column  and  then  turning  B  to  connect  the  lower  receiver  to 
the  column.  Distillates  corrosive  to  Kovar  or  the  metal  valve  should  not 
be  collected  in  this  receiver. 

The  third  land  oi  fraction  cutter54  consists  of  a  ground-glass,  ball-and- 
socket  valve  opened  and  closed  manually  by  changing  the  tension  in  an 
attached  stainless-steel  spring. 


B.  VERTICAL  STILLS 


For  the  operation  of  vertical  stills,  Chapter  II  (Part  2)  should  be  con- 
sLitecl.  Down  to  the  pressures  required  for  molecular  distillation,  no 
modifications  oUhe  pot  are  required.  Two  side  tubes  may  be  sealed  on  at  an 
angle  for  introduction  of  a  capillary  tube  and  thermometer.  If  the  pot  is 

nltary  The1™",’  T^lTT  **  ofdMland  into  the  pot  is 

plrt  1)  7  Sged  W’th  aSbeStos  cord  <see  Chapter  II, 


"  i!oke'  Incorporated,  Englewood,  New  Jersey 
btupakoff  Ceramic  and  Manufacturing  Company,  Latrobe 
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The  principles  of  column  design  for  rectification  in  the  range  of  a  few 
centimeters  of  mercury  have  been  discussed  in  Sections  III  and  2.  Here  it 
may  be  re-emphasized  that  the  main  consideration  in  designing  columns  for 
operation  under  diminished  pressure  is  a  low  pressure  drop ,  and  this  can  only 
be  achieved  by  employing  a  wide,  relatively  short  tube  with  little,  if  any, 
packing.  Nearly  all  the  conventional  types  of  column  packing  (see  Chapter 
II,  Part  1,  and  Chapter  IV,  Sect.  I1A)  are  useful480  down  to  pressures  of  a 
few  centimeters  of  mercury.  Below  this,  none  give  efficient  performance, 
and  recourse  must  then  be  had  to  thermal  rectification  (see  Sect.  II2B). 
Columns  particularly  suitable  for  distillations  under  diminished  pressure  in¬ 
clude  those  containing  special  glass  or  metal  helices,49  and  the  Widmer 
column  (see  Chapter  II,  Part  1).  They  may  be  lagged  with  asbestos  cord, 
or  be  vacuum- jacketed  (see  Chapter  II,  Part  1) .  Another  excellent  column, 
useful  for  micro-,50  semimicro-,51  and  macrodistillations,52  consists  of  a  long 
tube  placed  concentrically  in  the  column  tube  (see  Chapter  II,  Part  1). 
A  column  of  this  kind  is  depicted  in  Figure  11.  It  has  been  used53  success¬ 
fully  for  the  separation  of  materials  boiling  anywhere  between  -30  and 
250°C.  at  pressures  from  5  to  760  mm.  of  mercury,  for  measurement  of 
vapor  pressures  of  pure  liquids,  for  the  analysis  of  mixtures  of  close-boiling 
components,  and  in  the  preparation  of  pure  compounds  for  synthetic  pur¬ 
poses.  Since  the  holdup  is  only  about  0.25  ml.,  samples  as  small  as  2  ml. 
may  be  employed.  Stills  having  fractionating  efficiencies  of  50  to  85 
theoretical  plates  have  been  made.  The  temperature  of  the  outside  of  the 
vacuum  jacket  near  the  middle  of  the  column  and  the  distillate  tempera¬ 
ture  at  the  top  of  the  column  are  measured  by  means  of  copper-constantan 
thermocouples.  The  upper  thermocouple  is  inserted  through  the  opening 
at  the  base  of  the  central  tube  and  has  the  junction  located  at  its  top. 

The  design  of  the  take-off  regulator  is  shown  in  the  detail  drawing  on  p.  486. 
Drops  from  the  eccentric  tip  of  the  reflux  condenser  are  split  on  the  partitioning  de¬ 
vice  A  so  that  a  readily  varied  fraction  of  each  drop  returns  to  the  column  and  the 
rest  drains  through  the  V-shaped  opening,  V,  into  the  receiver  The  reflux  return 
impinges  on  the  center  of  a  grooved  glass  ball  which  is  sealed  to  the  top  of  the  inner 

«*•  Compare:  Feldman,  Myles,  Wender,  and  Orchin,  Ind.  Eng.  Chem.,  41,  1032  (1049), 

Struck  and  Kinney,  ibid.,  42,  77  (1950).  omrenecker, 

»  Wilson,  Parker,  and  Laughlin,  J.  Am.  Chernfc.,  55  2795  (,933).  Longeneck 
J  Soc.  Chem.  Ind.  London,  56,  199T  (1937);  0,  and  Soap,  17,  53  (WW).  Norm, 
Runoff,  Miller,  and  Burr,  J.  Biol.  Chem.,  139,  19* I  (1941).  Compare.  Todd,  Ind.  Bn,. 

Chem.,  Anal.  Ed.,  17,  175  ( 1945);  U.  S  Pat.  W479- 
BO  L.  C.  Craig,  Ind.  Eng.  Chem.,  Anal.  Ed.,  9,  441  (1937b  f  f)42, 

Naragon,  Burk,  and  Lankelma,  Ind.  Eng.  Chem  34,  355  (K  4-k 
«  Selker,  Burk,  and  Lankelma,  Ind.  Eng  Chem., 

Palkin,  ibid.,  14,  807  (1942).  Naragon  and  Lewis,  iM,  18,  ' 

W.  F.  Sager,  private  communication. 
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tube  and  separated  from  the  shoulder  of  the  outer  tube  by  means  of  two  grooved 
glass  straps  sealed  here  across  the  annular  space.  This  ensures  uniform  distribution 
of  the  reflux  return  and  obviates  channelling.  V  provides  a  liquid  seal  to  prevent 
escape  of  vapor  into  the  take-off  side  arm.  The  distillate  leaving  the  latter  is 
cooled  by  jacket  B.  At  D  is  connected  a  leak-free  system  comprised  of  a  dry-ice 
trap,  manometer,  1-liter  ballast  bulb,  and  a  three-way  stopcock  which  can  be  vented 
to  the  atmosphere  or  connected  to  the  pump.  Stopcock  C,  in  the  pressure-equalizer 
tube  on  the  head,  facilitates  removal  of  water  from  V  if  a  trace  ol  water  is  present 
in  the  distilland.  By  closing  C  and  quickly  varying  the  pressure,  a  drop  of  water 
sealing  the  take-off  is  blown  out.  The  distillate  drops  from  the  side  arm  into  a 
graduated  centrifuge  tube,  T.  Hole,  H,  in  ground  joint,  J,  is  large  enough  to  let 
the  drop  fall  directly  into  T.  The  receiver  changer  may  be  rotated  on  J  for  inser¬ 
tion  of  a  clean  tube  T.  For  operation  at  low  temperatures,  dry  ice  or  liquid  nitro¬ 
gen  may  be  introduced  as  coolant.  The  pot  is  insulated  from  drafts,  and  the 
column,  mounted  exactly  vertically,  is  vacuum-jacketed.  The  jacket  temperature 
is  kept  within  3  or  4°  of  the  head  temperature.  The  initial  boiling  rate  for  liquids 
boiling  at  about  100°  at  760  mm.  should  be  such  that  at  least  30  minutes  elapses 
before  reflux  appears  at  the  head. 

A  somewhat  similar  column  has  a  stainless-steel  rotor.54  It  operated  at 
maximum  fractionating  power  at  300  r.p.m.  At  a  boil-up  rate  of  300  cc.  per 
hour,  the  pressure  drop  was  0.03  mm.  of  mercury.  The  pressure  range 
employed  was  0.01  to  2.5  mm.  of  mercury  for  still-head  temperatures  of  80 
to  200 °C.  A  mixture  of  di-n-butyl  phthalate  plus  di-n-butyl  azelate  has 
been  used55  for  evaluating  low-pressure  distilling  columns.  Provision  of 
reflux  offers  no  problems  different  from  those  encountered  in  ordinary  dis¬ 
tillation  (see  Chapter  II,  Part  1). 

A  typical  vertical  still56-57  for  fractionation  under  diminished  pressure  is 
shown  in  Figure  12.  Part  of  the  column  is  vacuum-jacketed  and  provides  a 
slight  fractionating  effect.  As  was  pointed  out  in  Section  III,  high-velocity 
vapors  exert  strong  tangential  drag  on  any  liquid  film  past  which  they  flow. 
In  the  range  of  a  few  millimeters  of  mercury,  this  frequently  becomes  trou¬ 
blesome,  and  special  designs  must  be  provided  to  prevent  the  vapor  from 
drawing  a  liquid  film  along  with  it.  A  large  bulb  with  a  ring-seal  insert  or 
annulus  is  a  convenient  device  for  accomplishing  this  (Fig.  12).  Entrain¬ 
ment  ot  crude  distilland  presents  a  similar  problem.  If  rough  boiling 
occurs,  distilland  spray  is  apt  to  be  thrown  into  the  vapor  stream  and 
earned  along  with  it  into  the  distillate.  Of  the  several  devices  that  have 


*4  Gripp>  and  Nathan,  j .  Soc.  Chem.  Ind.  London,  66,  33  (1947) 

r;f;flCfW',39|779(m7)'  Compare:  Feldman,  Myles  Wender 
and  Orclun,  ibid.,  41,  1032  (1949).  y  ’  "enaer» 

Barr  and  Anh,,rn;  Scientific  and  Industrial  Glass  Blowing  and  Laboratory  Tech 
mques.  Instruments  Publishing  Co.,  Pittsburgh,  Pa.,  1949,  p.  364 

.  ompare.  Cowan,  Falkenberg,  and  Teeter,  Ind.  Eng.  Chem.,  Anal.  Ed.,  16, 90  (1944). 
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been  proposed  for  reducing  entrainment,  a  simple  offset  or  bend  in  the 
column  line  (Fig.  12)  is  probably  the  most  effective  as  a  mist  trap.  It  has 
the  advantage,  which  several  others  lack,  of  only  slightly  increasing  the 
pressure  drop. 


Coolant 


vacuum  still.56 


Even  for  distillations  performed  at  pressures  of  a  few  millimeters  of 
mercury,  specially  designed  condensers  are  unnecessary;  those  conven¬ 
tionally  employed  at  atmospheric  pressure  (see  Chapter  II,  Part  1)  are 
nearly  always  satisfactory.  Air  cooling,  is,  however,  more  frequently  used ; 
in  vacuum  distillation  of  high-boiling  compounds,  condensation  at  the 
temperatures  employed  in  conventional  atmospheric-pressure  distillation 
of  lower-boiling  compounds  may  be  unnecessary.  In  other  respects, 
vertical  stills  resemble  horizontal  stills.  Similar  receiver  changers  may  often 
be  employed,68  but  special  designs  are  sometimes  necessary.  Two  examples 
are  shown  in  Figure  13.  In  the  first,59  the  drops  of  distillate  fall  from  the 
pointed  tip  of  a  “finger”  condenser  into  a  cup  on  the  end  of  a  capillary 
tube,  through  which  they  pass  to  the  collector  and  down  a  bent  rod  into  the 


58  Klenk  and  Schuwirth,  Z.  physiol.  Chem.,  267,  260  (1941). 

59  Ellis,  J.  Soc.  Chem.  Ind.  London,  53,  77  ( 1934).  Compare: 
Anal.  Ed.,  14,71  (1942). 
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receptacle.  If  necessary,  a  trace  of  inert  gas  is  admitted  occasionally 
through  the  stopcock,  to  force  the  liquid  through  the  capillary.  Ihe 
other  design60  is  self-explanatory. 


Fig.  13.  Receiver  changers  for  vertical  stills.59,60 

Vertical  stills  for  thermal  rectification  (see  Sect.  II2B)  are  depicted  in 
Figures  3  and  4.  The  literature61  should  be  consulted  for  operating  in¬ 
structions. 


2.  Pumps 


The  pressure  given  by  the  pump  on  a  closed  system  should  be  tested 
before  starting  a  distillation.  1  here  has  been  much  difference  of  opinion 
as  to  the  type  of  pump  most  advantageous  in  vacuum  distillation.  For 
distillations  down  to  about  10  mm.  of  mercury,  a  water-aspirator  pump  is 
satisfactory  and  dependable.  Such  pumps  give  a  pressure  of  about  10  mm. 
of  mercury  in  winter  (water  temperature,  10°)  and  about  25  mm.  in  the 
summer  (water  temperature,  25°). 

To  obtain  pressures  below  these,  any  of  the  small,  mechanical,  oil- 
immersed  rotary  pumps  offered  by  laboratory  supply  houses  are  satis¬ 
factory  (see  Chapter  V I,  Part  2).  If  in  good  condition,  these  produce  pres¬ 
sures  far  lower  than  necessary  for  pot-and-column  distillation  inasmuch  as 
they  should  all  give  about  0.01  mm.  of  mercury,  below  which  further 
reduction  ol  pressure  causes  no  change  in  performance  of  this  kind  of 


60  Flosdorf  and  Palmer,  J.  Ilheology,  3,  205  (1932). 

Schaffner,  Bowman,  and  Coull,  Trans.  Am.  Inst,  Chem 
Byron,  Bowman,  and  Coull  Ind.  Eng.  Chem.,  in  press 


Engrs.,  39,  77  (1943). 
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apparatus.  There  is  no  need  to  employ  a  diffusion  pump  in  order  to  reduce 
the  pressure  further,  except  when  molecular  distillation  is  required,  and  then 
special  apparatus  must  be  used  (see  Chapter  VI).  Since  the  pressure  given 
by  an  oil  pump  may  be  too  low,  it  may  be  necessary  to  incorporate  a  mano- 
stat  (see  Sect.  III3)  in  the  system.  There  is  also  much  misunderstanding 
as  to  the  nature  ot  the  oil  required  for  such  pumps.  Its  properties  are  not 
nearly  so  critical  as  certain  manufacturers  would  have  their  customers  be¬ 
lieve,  and  no  advantage  is  to  be  gained  by  the  use  of  special,  supposedly 
highly  refined,  pump  oils.  A  good,  SAE  30  or  40,  automotive  crankcase  oil 
is  just  as  effective.  The  principal  limitation  of  the  vacuum  that  can  be 
obtained  by  mechanical  pumps  is  the  air  dissolved  in  the  oil.  On  con¬ 
tinued  operation  over  a  period  of  several  hours  the  amount  of  air  dis¬ 
solved  in  the  oil  becomes  reduced,  and  the  pump  will  give  a  higher  vacuum. 
It  is  therefore  advisable  to  run  the  pump  on  a  closed  system  for  several 
hours  before  performing  a  distillation,  if  the  maximum  attainable  vacuum  is 
desired. 

The  oil  in  vacuum  pumps  tends  to  absorb  volatile  organic  compounds 
strongly,  and  after  an  appreciable  amount  has  been  so  dissolved  the  pump 
will  not  give  such  a  high  vacuum  (see  Sect.  III4).  The  condition  of  the  oil 
in  this  respect  is  far  more  important  than  the  quality  of  oil  with  which  the 
pump  was  originally  charged.  Hence,  it  is  good  practice  to  use  a  cheap 
oil  and  change  it  frequently.  Volatile  impurities  may  sometimes  be  removed 
by  running  the  pump  open  to  the  air  for  several  hours,  or  by  heating  the  oil. 
For  operating  ranges  of  vacuum  pumps,  see  Chapter  VI,  Part  2. 


3.  Manostats 

In  attempting  to  reproduce  conditions  described  by  a  previous  investiga¬ 
tor  or  in  comparing  boiling  points  of  a  number  of  compounds,  it  is  necessary 
to  be  able  to  produce  any  desired  pressure.  Furthermore,  it  is  desirable 
to  maintain  a  constant  pressure  or  to  produce  a  series  of  successively  lower 
constant  pressures  in  the  course  of  a  single  distillation.  Pressure  regulators 
may  be  manually  operated,  or  automatic,  i.e.,  manostats  (see  Chapter  II, 
Part  1,  Sect.  VI2,  and  Thomson62). 


4.  Traps 


For  use  with  a  water  pump,  the  only  kind  of  trap  needed  is  that  shown 
in  Figure  5,  which  prevents  backflow  of  water  to  the  still.  In  distillations 
employing  an  oil  primp,  it  may  be  necessary  to  prevent  ingress  of  water 


«  Thomson,  “Determination  of  Vapor  Pressure,”  in  Weissbcrger  ed 
ods  of  Organic  Chemistry.  2nd  ed.,  Interscience,  New  York,  1  ait  I,  194.),  C  i  p.  ,  > 
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vapor,  which  condenses  and  causes  the  pump  oil  to  foam;  this  may  be 
accomplished  with  a  drying  tower  connected  between  the  receiver  an  e 
pump.  In  certain  cases,  use  of  a  chemical  trap,  e.g.,  of  soda  lime,  may  be 
advisable  for  removal  of  corrosive  vapors.  Absorption  of  vapors  by  the  01 
can  be  largely  obviated  by  connecting  a  cold  trap  in  the  vacuum  line. 
Suitable  traps  are  shown  in  Figure  33  of  Chapter  VI,  Part  2.  For  moderate 
vacuum  the  connecting  tubes  may  be  of  smaller  diameter  than  shown  in 
this  figure.  Cooling  with  dry  ice  in  a  Dewar  flask  is  generally  adequate. 
A  contact  liquid  should  be  provided.  Acetone  is  convenient  for  this  pur¬ 
pose,  but  the  liquid  eutectic  mixture  of  carbon  tetrachloride  and  chloro¬ 
form,  which  has  about  1 : 1  composition,  is  better  because  the  dry  ice  floats 
on  it  and  gives  uniform  cooling  throughout  the  depth  of  the  bath  by  con¬ 
vection.  Furthermore,  the  fire  hazard  is  eliminated.  I*  or  operation  down 
to  the  0.01  mm.  of  mercury  range  there  is  no  need  for  liquid-nitrogen  cool¬ 
ing.  For  safety,  Dewar  flasks  should  be  wrapped  with  adhesive  tape. 


5.  Gages 

Indication  of  the  operating  pressure  requires  some  kind  of  vacuum  gage 
(see  Chapter  VI  and  Thomson64).  From  760  to  10  mm.  of  mercury,  the 


Fig.  14.  Vacuum  gages. 


simple  gage  shown  in  Figure  5  may  be  employed.  An  inverted  U-tube 
over  760  mm.  high,  one  end  of  which  dips  into  a  container  of  mercury, 

63  Hickman,  J.  Franklin  Inst.,  213,  119  (1932). 


490 


J.  R.  BOWMAN  AND  R.  S.  TIPSON 


may  also  be  used.  For  operation  from  10  to  1  mm.  of  mercury,  a  closed-end 
mercury  manometer  (Fig.  14A)  is  adequately  accurate.  Below  1  mm.  of 
mercury,  a  small-bulb  McLeod  gage65  (Fig.  14B  and  C)  is  generally  pre¬ 
ferred.  Rotary  McLeod  gages66  (Fig.  14B  and  Chapter  VI,  Part  2,  Fig. 
41)  are  compact  and  particularly  convenient;  they  may  be  obtained  for 
the  ranges  0  to  1,  0  to  5,  and  0  to  10  mm.  of  mercury.  For  lower  pressures 
there  are  many  satisfactory  types  of  gage,  discussed  in  Chapter  VI,  Part 

2,  and  by  Thomson.67  For  operating 
ranges  of  vacuum  gages,  see  Chapter 
VI,  Part  2. 

All  conventional  gages  are  suitable 
only  for  measuring  pressures  in  portions 
of  the  system  not  containing  vapor.  To 
avoid  pressure-drop  errors,  the  gage 
should  be  connected  into  the  system  as 
close  to  the  still  pot  as  possible.  This 
is  ordinarily  interpreted  to  mean  near 
the  cold  end  of  the  condenser.  At  pres¬ 
sures  down  to  the  range  of  millimeters 
of  mercury  this  is  satisfactory,  because 
the  pressure  drops  due  to  vapor  flow 
are  small  relative  to  the  total  pressure 
in  the  system.  In  and  below  the  range 
of  millimeters  of  mercury,  however,  the 
pressure  drops  are  relatively  large,  and 
determination  of  the  true  pressure  in  the 
pot  is  more  difficult.  Some  efforts  have 
been  made  to  achieve  the  determination  by  use  of  null-indicating,  dia¬ 
phragm-type  gages,  but  a  more  ingenious  device68  termed  an  “automa- 
nometer”  gives  the  result  directly.69  In  it,  the  vapor  leaving  the  pot 
passes  upward  through  a  small  jet  which  is  part  of  a  miniature  diffusion 
pump  (Fig.  15).  During  operation,  this  creates  a  relatively  perfect 
vacuum  in  a  reference  vacuum  space  which  communicates  with  the  still  pot 
through  a  U-tube  manometer.  The  U-tube  becomes  tilled  with  distillate 

a®  McLeod,  Phil.  Mag.,  48,  110  (1874).  Gaede,  Ann.  Physik,  41,  289  (1913).  Re.ff, 
Z.  Instrumentk,,  34,  97  (1914).  Pfund,  Phys.  Rev.,  18,  78  (1921).  Cox,  J.  Op  tea  • 
Am.,  9,  569  (1924).  R.  J.  Clark,  J.  Sci.  Instruments,  5  126  (1928).  Hidana J. 
cal  Soc.  Am.,  18,  305  (1929).  Booth,  Ind.  Eng.  Chem.,  Anal.  Ed  4  380  (i 932). 

eo  Hamlin,  J.  Am.  Chem.  Soc.,  47,  709  (1925).  Brunner,  Helv.  Chun.  Ac  a’13'  6 

(1930).  Von  Meyeren,  Z.  physik.  Chem.,  * 

(1935).  Flosdorf,  Ind.  Eng.  Chem.,  Anal.  Ed.,  10,  534  (1.138), 

67  Thomson,  loc.  cit.,  Sects.  II4-6. 

«»  Hickman  and  Weyerts,  J  Am,  Chem,  Soc.,  52,  4714  (1930). 

6*  Thomson,  loc.  cit.,  Sect.  III2. 


Fig.  15.  Automanometer.68 
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during  operation  and  indicates  directly  the  difference  between  the  pressure 
in  the  still  pot  and  the  reference  vacuum. 

IV.  OPERATION 

Reduction  of  pressure  in  distillation  processes  necessarily  introduces 
several  changes  in  the  methods  employed  for  atmospheric-pressure  opera¬ 
tion;  these  include  degassing,  control  of  vaporization,  following  the  course 
of  the  distillation,  and  control  of  pressure. 

1.  Degassing 

The  charge  for  a  batch  vacuum  distillation  is  nearly  always  saturated 
with  air,  large  amounts  of  which  are  dissolved  by  most  organic  liquids. 
Air  must  be  removed  before  the  temperature  reaches  a  point  at  which 
oxidation  occurs  to  a  deleterious  extent;  this  is  ordinarily  effected  very 
simply  by  reduction  of  pressure  in  the  apparatus  after  putting  the  batch  in 
the  still  pot  but  before  heating.  With  highly  viscous  oils,  a  moderate 
amount  of  heat  may  be  required  to  make  the  charge  sufficiently  fluid  for 
adequate  convection.  In  any  case,  application  of  heat  is  to  be  avoided 
before  the  vacuum  is  applied.  A  particularly  striking  example  is  in  the 
distillation  of  paraffin  wax.  If  the  wax  is  warmed  just  to  the  melting 
point  and  then  held  under  vacuum  until  bubbling  ceases,  water-white 
distillates  are  readily  obtained.  If,  on  the  other  hand,  the  wax  is  rapidly 
heated  to  the  distillation  temperature  under  vacuum,  all  distillates  will  have 
a  dark  color  due  to  oxidation  products. 

Many  liquids  foam  strongly,  and  caution  must  be  observed  in  applying 
vacuum  during  the  degassing,  to  avoid  carrying  distilland  through  the 
column  and  into  the  receiver.  In  such  cases,  the  pressure  must  be  reduced 
very  slowly.  As  a  check  on  complete  degassing,  the  stopcock  in  the  vac¬ 
uum  line  should  be  momentarily  closed  and  the  rise  in  pressure  noted.  If 
appreciable  over  a  period  of  several  minutes,  low-temperature  degassing 
should  be  continued  until  a  subsequent  similar  check  shows  substantially 
constant  pressure  on  standing.  Only  then  is  it  safe  to  raise  the  tempera¬ 
ture  of  the  still  pot  to  the  distillation  value. 

It  is  desirable  to  remove  traces  of  volatile  solvent  before  distilling  a 
high-boiling  distilland  at  the  oil  pump.  This  is  often  readily  accomplished 

by  w arming  in  a  hot-water  bath,  together  with  entrainer— vacuum  treatment 
at  the  water  pump. 


2.  Prevention  of  Bumping 

Numerous  devices6’*  have  been  suggested  for  preventing  “bumping  ” 
rhese  may  be  approximately  evaluated  in  advance  on  the  basis  of  the 

£°™pa7:  Egly,  “Heating  and  Cooling,”  in  Weissberger,  ed„  Technique  of  Or - 
game  Chemistry,  \  ol.  III.  Interscience,  New  York,  1950,  Chap.  I,  Sect.  II3D. 
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theoretical  considerations  given  in  Section  1 13.  The  classical  expedient 
is  to  introduce  a  few  small  lumps  of  pumice  stone,  asbestos,  or  porous  pot. 
This  is  generally  effective  at  pressures  down  to  a  few  millimeters  of  mercury, 
as  long  as  boiling  is  maintained.  The  action  of  the  stone  is  obviously  to 
supply  many  minute  gas  pockets  from  which  bubbles  can  grow.  If  boiling 
is  interrupted,  or  if  an  attempt  is  made  to  reuse  the  lumps,  the  results  are 
usually  unsatisfactory  because,  once  used,  the  permanent  gas  entrapped 
in  the  stone  quickly  becomes  displaced  with  condensable  vapor,  and  this 
in  turn  is  replaced  by  liquid  as  soon  as  vaporization  stops.  Consequently, 
fresh  granules  should  be  employed  for  each  run,  and  steady  boiling  should 
be  maintained.  Ebullator  tubes70  consisting  of  fine  capillaries  sealed  at  the 
upper  end  can  similarly  be  used  but  once.  A  better  expedient  is  to  pack 
glass  wool  into  the  distilling  flask  to  a  level  just  above  the  liquid  surface.71 
Such  compounds  as  sodium  bicarbonate,72  which  decompose  with  gas  evolu¬ 
tion  on  heating,  are  sometimes  added  to  the  distilland  if  there  is  no  dele¬ 
terious  chemical  effect.  Of  course,  in  this  and  other  kinds  of  entrainer- 
vacuum  distillation,  the  entrainer  causes  reduction  of  the  boiling  point.73 

A  number  of  antibumping  devices  depending  on  creation  of  local  super¬ 
heating  have  been  proposed.  Metal  and  glass  beads  fall  into  this  class. 
They  act  by  confining  a  thin,  stagnant  film  of  distilland  at  small  areas  of 
the  bottom  surface  of  the  still  pot,  causing  that  film  to  become  strongly 
superheated.  Such  devices  are,  in  general,  unsatisfactory  for  vacuum 
distillation.  Other  methods  of  causing  local  superheating  include  use  of 
electric  heating  near  the  surface,74  an  inner  heating  coil,  or  a  wire75  sealed 


through  the  bottom  of  the  pot. 

A  third  type  involves  the  use  of  lumps  of  material  not  wetted  by  the 
distilland.  Probably  the  most  useful76  is  Teflon  (polytetrafluoroethylene). 
This  high  polvmer  is  chemically  highly  unreactive  and  withstands  tem¬ 
peratures  up  to  at  least  200°C.  It  is  not  wetted  by  most  liquids  and  con¬ 
sequently  maintains  a  very  thin  film  of  gas  over  its  entire  surface  when  im¬ 
mersed  in  a  liquid.  This  film  can  serve  as  a  nucleus  for  bubble  foimation 

^LaTtTnd  probably  best  of  such  antibumping  devices  are  sintered-glass 
particles  fused  to  the  inner,  bottom  surface  of  the  boiler."  Such  a  surface 
is  readily  prepared  by  putting  a  small  amount  of  ground  glass,  piefeia  >  \ 

"  M^ownikow  J  Russ.  An^erUnt' 24, 1.  100  0  894). 

71  Angeh,  Gazz.  chim.  ital.,  Z5,  11,  mi  MOW 

»  Gettler,  Niederl,  and  Benedetti-Pichler .  ^ 

77  Schierholtz  and  Staples,  J.  Am.  Chem.  Soc.,  57,  2709  (1.  SV- 

74  Leschewski,  Z.  anal.  Chem.,  89,  50  (l932^  n<)31) 

7‘  J.  H.  C.  Smith  and  Milner,  Mikrochemie,  9,  1 17 

78  Bennett,  Science,  106,  646  0947). 

77  Morton,  Ind.  Ena.  Chem.,  Anal.  Ed.,  6,  384  (1J34). 
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about  50-mesh,  into  the  empty  still  pot  and  heating  its  " £  ^ 
ulass  softens  sufficiently  to  cause  the  powder  to  adhere.  The  resulting  s 
face  will  nearly  always  give  smooth  boiling  if  smooth  boiling  is  possible  at 
all  The  action  probably  depends  both  on  minute  entrapped  air  bubbles 
and  on  creation  of  minute  spots  which  become  superheated.  An  excellent 
way  of  eliminating  bumping  is  to  stir  the  distilland  mechanically, 
stirrer  may  be  motor-driven  by  a  shaft  through  a  vacuum  seal  or  may  be 
magnetically  operated. 

Finally,  entrainer-vacuum  distillation  may  be  employed.  As  mentio 
in  Section  1 13,  smooth  boiling  cannot  be  obtained  at  pressures  below  about 
1  mm.  of  mercury  except  with  great  superheating.  I  nder  these  conditions, 
satisfactory  operation  is  often  obtained  by  quiescent  vaporization  from  the 
surface  of  the  liquid,  no  bubbles  being  formed  at  all.  A  superior  method  is 
entrainer-vacuum  distillation,  in  which  an  inert  gas  is  conducted  in  minute 
bubbles  to  the  bottom  of  the  distilland  through  a  suitably  fine  capillary 
tube  (see  Section  III1A). 

3.  Determination  of  Fractions 

In  distillation  at  atmospheric  pressure,  the  course  of  the  fractionation  is 
almost  invariably  followed  by  observation  of  the  temperature  of  the  vapor 
just  before  it  enters  the  condenser.  This  type  of  control  is  not  usually 
applicable  with  precision  to  distillation  at  pressures  below  a  few  centimeters 
of  mercury,  because  the  relative  fluctuations  in  pressure,  even  with  a  good 
vacuum-regulating  system,  may  be  large  relative  to  the  total  pressure  in  the 
system,  and  the  corresponding  variations  in  temperature  render  that  indi¬ 
cation  inadequate  for  characterizing  the  course  of  the  distillation.  This  is 
especially  true  in  the  range  of  millimeters  of  mercury,  where,  even  with  the 
best  efforts  to  achieve  reproducibility,  temperature  differences  in  check  runs 
are  frequently  of  the  order  of  several  degrees  centigrade.  Nevertheless, 
valuable  subsidiary  evidence  is  sometimes  acquired  by  recording  the  bath 
and  vapor  temperatures.  In  precise  work,  the  method  of  comparative 
measurements79  may  be  employed. 

For  following  the  course  of  a  vacuum  distillation,  an  adequate  equivalent 
of  temperature  has  not  been  found.  rl  he  method  of  comparative  measure¬ 
ments,  employing  differential  thermocouples  for  a  standard  distilland  and 
the  unknown  mixture,  respectively,  is  valuable.  No  other  continuously 
indicative  property  has  been  developed  for  use  during  a  distillation,  except 
in  those  cases  in  which  fractions  are  of  different  color,  fluorescence,  optical 

7s  Birch,  Gripp,  and  Nathan,  J.  Soc.  Cham.  hid.  London,  66,  33  (1947). 

79  See  Swietoslawski  and  Anderson,  “Determination  of  Boiling  and  Condensation 

emperatures,  in  Physical  Methods  of  Organic  Chemistry.  2nd  ed.,  Part  I,  1949. 
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activity,  etc.  Ihe  only  means  of  control  normally  available  involves 
measurement  ol  physical  properties  of  the  individual  fractions  after  the 
distillation  has  been  completed.  Consequently,  when  sharp  separation 
is  requiied  and  the  composition  of  the  charge  is  not  accurately  known, 
recourse  must  be  had  to  taking  many  small  fractions,  followed  by  deter¬ 
mination  of  one  or  more  physical  properties  of  each  which  will  serve  for 
characterization.  Refractive  index  is  most  frequently  used  for  this  pur¬ 
pose,  but  viscosity,  density,  surface  tension,  optical  activity,  and  other 
properties  are  convenient  for  special  cases. 

4.  Control  of  Pressure 

Control  of  the  vacuum  has  been  discussed  in  Section  III3.  In  addition, 
the  following  procedure  is  frequently  useful:  When  a  distillation  is  under 
way,  the  minimum  useful  pressure  at  the  cold  end  of  the  condenser  can  be 
determined  by  keeping  the  throughput  constant  and  reducing  the  pressure. 
The  temperature  of  the  vapor  will  be  observed  to  decrease  asymptotically 
to  a  rather  definite  limit  beyond  which  a  further  reduction  of  pressure  has  no 
observable  effect.  The  pressure  at  which  this  limit  is  reached  is  a  char¬ 
acteristic  of  the  apparatus.  For  conventional  pot  stills,  its  value  is  usually 
above  0.1  mm.  of  mercury. 
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Parti.  DISTILLATION 


I.  INTRODUCTION 

In  the  chemist’s  desire  to  purify  organic  substances  of  ever-increasing 
molecular  weights  by  distillation,  he  has  had  to  resort  to  subatmospheric 
pressures  to  avoid  thermal  destruction  of  his  mateiial.  Vacuum  distilla¬ 
tion  has  long  been  practiced,  but  its  progress  has  had  to  pace  the  develop¬ 
ments  in  the  technology  for  creating  vacuums.  In  spite  of  innovations 
introduced  by  Langmuir,  Gaede,  and  others  in  the  methods  of  producing 
vacuity,  the  vacuum  still  reached  a  limit  beyond  which  lower  pressures 
yielded  no  further  lowering  of  the  boiling  point.  I  his  condition  was  fi¬ 
nally  recognized  as  being  due  to  the  impedance  offered  by  the  still  to  the  flow 
of  vapor  at  low  pressures.  The  tortuous  paths  interposed  between  boiler 
and  condenser  in  the  conventional  distilling  apparatus  no  longer  benefited 
the  process  but  became  a  harmful  barrier  and  obstruction  in  the  natural 
path  of  the  vapor  molecules,  thus  causing  their  destruction. 

Subsequent  developments  in  high-vacuum  dist.llat.on  were  aimed  a 
altering  the  shape  of  the  apparatus.  The  necess.ty  of  s.mpl.fymg  the  st.ll 
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gradually  became  apparent  and  the  early  batch-type  stills  showing  marked 
departure  in  design  from  the  conventional  vacuum  still  were  similar  in 
principle  to  the  apparatus  reported  by  Bronsted  and  Hevesy,  which  t  ey 
used  for  the  concentration  of  the  isotopes  of  mercury.  In  the  immediate 
years  following  the  first-published  applications  of  molecular  and  unob¬ 
structed-path  distillation  to  organic  substances,  the  process  was  intensively 
examined  by  several  independent  groups:  one  under  W  aterman  in  Holland, 
a  second  under  Burch  in  England,  and  a  third  under  Hickman  in  America. 
The  results  of  this  pioneering  work  have  brought  to  the  chemist  a  useful 
laboratory  tool.  The  molecular  still  permits  distillation  at  temperatures 
50-150°C.  lower  than  those  required  by  other  vacuum  stills.  It  provides 
a  means  of  distilling  organic  substances  having  molecular  weights  up  to 
1200.  Heat-sensitive  materials  having  molecular  weights  as  low  as  150 
may  even  be  successfully  handled  by  the  method. 

The  term  “high- vacuum  distillation”  will  be  used  throughout  this  sec¬ 
tion  as  a  generic  term  to  include  all  the  specialized  kinds  of  high-vacuum 
distillation  processes  which  have  been  variously  known  as  “molecular”2 
distillation,  “unobstructed  path”2  distillation,  and  “evaporative”3  distilla¬ 
tion.  “High-vacuum  distillation”  will  be  useful  in  the  general  discussion 
when  specific  reference  to  any  one  of  the  above-named  processes  is  not 
necessary.  The  following  pages  are  devoted  to  a  description  of  the  tech¬ 
niques  of  this  type  of  high-vacuum  distillation  which  are  useful  to  the  or¬ 
ganic  chemist.  No  attempt  is  made  to  review  the  past  developments  in 
the  field  since  this  has  recently  been  done  proficiently  by  Hickman2  and 
earlier  by  Burch  and  van  Dijck,4 *  and  Waterman  and  van  Vlodrop.6  A 
comprehensive  bibliography  including  scientific  papers  and  patents  has 
been  compiled  by  Detwiler  and  Markley6  and  extended  by  Todd7  and  by 
Rose  and  Rose.8  Pertinent  patents  have  been  noted  in  connection  with 
several  of  the  stills  discussed  but  no  attempt  has  been  made  to  include  all 
patents  which  bear  on  the  processes  and  apparatus  described.  Part  1  of 
this  chapter  is  devoted  to  the  general  theory  of  the  method  and  a  descrip- 

1  Bronsted  and  Hevesy,  Phil.  Mag.,  43,  31  (1922). 

2  Hickman,  Chem.  Revs.,  34,  51  (1944). 

3  Burch,  Proc.  Roy.  Soc.  London,  A123,  271  (1929). 

4  Burch  and  van  Dijck,  J.  Soc.  Chem.  Ind.  London,  58,  39  (1939). 

*  Waterman  and  van  Vlodrop,  Rev.  chim.  ind.  Paris,  48,  314  (1939) 

‘  Detwiler  and  Markley,  Oil  cfc  Soap,  16,  2  (1939).  See  also:  Detwiler,  ibid.  17 
241  (1940);  Abstracts  of  Articles  and  Patents  on  Molecular  or  Short-Path  Distill ' 

U.  S.  Dept  Agr  Bur  Apr.  Chem.  Eng.  ACE-115.  U.  S.  Regional  Soybean  Industrial 
Products  Laboratory,  Urbana,  Illinois,  1941.  1 

7  Todd,  Oil  &  Soap,  20,  205  (1943). 

*  A.  and  E.  Rose,  Distillation  Literature,  Index  and  Abstracts,  1941-1945  F  «  i  a 

Rose,  State  College,  Pennsylvania,  1948.  '  and  A‘ 
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tion  of  the  main  types  of  laboratory  stills.  Complete  instructions  are 
included  for  performing  high-vacuum  distillations.  In  Part  2  are  de¬ 
scribed  vacuum  apparatus  and  techniques  as  applied  to  high- vacuum 
distillation. 

II.  GENERAL  ASPECTS  OF  HIGH-VACUUM  DISTILLATION 
1.  Basic  Differences  in  Distillation  Processes 

In  conventional  atmospheric  distillation  processes,  distillation  begins 
at  a  well  defined  temperature,  there  is  a  definite  boiling  point  of  the  ma¬ 
terial  being  distilled,  and  the  distillation  process  is  accompanied  by  ebulli¬ 
tion  of  the  distilland.  A  dynamic  equilibrium  exists  between  the  liquid 
and  vapor  phases  thus  causing  a  large  proportion  of  the  molecules  evaporat¬ 
ing  from  the  liquid  surface  to  return  to  the  same  liquid  phase. 

In  contrast,  in  the  high-vacuum  distillation  process  there  is  no  well  de¬ 
fined  temperature  at  which  distillation  begins.  Distillation  occurs  at  any 
temperature  as  long  as  a  thermal  gradient  exists  between  condenser  and 
evaporator.  Due  to  the  high  vacuum  maintained  during  the  process, 
there  is  effectively  no  superincumbent  air  pressure  on  the  material  being 
distilled  and  consequently  there  is  no  well  defined  boiling  point  or  attending 
ebullition  of  distilland.  The  distilling  vapor  molecules  pass  directly  from 
the  vaporizing  surface  to  the  condensing  surface  without  having  to  pass 
through  a  barrier  of  air  molecules  and  the  number  of  distilling  molecules 
returning  to  the  liquid  phase  is  therefore  insignificant.  As  a  consequence 
a  dynamic  equilibrium  between  vapor  and  liquid  phases  does  not  exist 
during  high-vacuum  distillation.  Ideal  distillation  conditions  are  attained 
when  the  number  of  molecules  being  condensed  is  equal  to  the  number  of 
molecules  of  distilland  evaporating  from  the  distilland  surface. 

2.  High-Vacuum  Stills — General 

Before  turning  to  a  consideration  of  the  high-vacuum  distillation  process 
itself,  it  is  desirable  to  consider  the  general  characteristics  of  high-vacuum 
stills  which  are  such  an  integral  part  of  the  process.  In  general,  high- 
vacuum  stills  consist  of  an  evacuable  chamber  in  which  a  vaporizing  sur¬ 
face  directly  faces  a  condensing  surface,  the  two  placed  only  a  short  dis¬ 
tance  apart.  The  space  between  the  vaporizer  and  condenser  surfaces 
has  no  physical  barrier  which  can  obstruct  the  passage  of  vapor  molecules 

while  in  flight.  .  .  ,  ,, 

In  the  high-vacuum  still,  it  is  necessary  that  a  major  proportion  of  the 

molecules  distilling  from  the  liquid  phase  pass  directly  to  the  condenser 
without  returning  to  the  liquid  phase.  For  this  reason,  it  is  desirable  fm 
efficiency  of  operation  that  the  vaporizer-condenser  spacing  be  not  sub- 
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stantially  greater  than  the  “undeflected  path”  of  the  vapor  molecules  as 
defined  by  Jacobs  and  Kapff.»  The  term  “undeflected  path  may  be  sa.d 
to  denote  the  distance  that  a  major  proportion  of  the  distilling  molecules 
will  travel  under  the  high-vacuum  distillation  conditions  without  serious 
deflection  from  a  rectilinear  path.  Ordinarily  the  spacing  is  kept  small  so 
that  a  variety  of  materials  can  be  distilled  without  the  necessity  of  expei  i- 
mentally  determining  the  maximum  desirable  distance  in  each  case. 

The  stills  used  in  high-vacuum  distillation  are  of  two  general  types. 
These  are:  ( a )  pot-type  stills;  and  ( b )  flowing-film  stills.  As  the  name 
implies,  pot-type  stills  are  those  in  which 
the  distilland  is  contained  as  a  pool  ol 
liquid  in  an  evacuable  vessel ;  distillation 
takes  place  from  the  quiescent  surface  of 
the  liquid  distilland  to  an  adjacent  con¬ 
denser.  In  these  pot-type  stills,  the  boiler 
or  evaporator  contains  the  entire  batch 
being  distilled  and  the  depth  of  the  liquid 
usually  varies  from  a  fraction  of  a  milli¬ 
meter  to  several  centimeters.  The  still  is 
necessarily  of  limited  capacity  when  em¬ 
ployed  with  thermally  unstable  material 
since  the  entire  pool  of  distilland  must  be 
maintained  at  distillation  temperatures 
throughout  the  process.  Typical  pot  stills 
are  the  concentric  flask  still  of  Bronsted 
and  Hevesy1  and  the  concentric  test  tube 
still  shown  in  Figure  1.  Various  still 
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Fig.  1.  Concentric  tube-type  still. 


t}rpes  are  illustrated  and  described  in  greater  detail  later  in  the  chapter. 

In  high-vacuum  distillation,  only  the  molecules  at  the  evaporating  sur¬ 
face  enter  into  the  process  and,  at  any  given  instant,  all  other  molecules  in 
the  bulk  of  the  distilland  layer  need  not  be  considered  as  part  of  the  distilla¬ 
tion  process.  Their  function  is  to  replace  the  molecules  evaporating  from 
the  surface.  The  problem  of  molecular  diffusion  in  the  distilland  is  thus 
an  important  factor  because  of  the  absence  of  the  ebullition  which  accom¬ 
panies  atmospheric  distillation.  The  problem  of  molecular  diffusion  is  par- 
ticulaily  aggravated  in  the  case  of  binary  mixtures  of  large  molecules 
wherein  these  large  molecules  move  slowly  and  with  difficulty  through  their 
closely  touching  neighbors.  Stirring  of  the  distilland  serves  to  renew  the 
distilling  surface  but,  like  boiling,  stirring  is  usually  accompanied  by  splash¬ 
ing  with  a  resulting  contamination  of  the  distillate. 


9  Jacobs  and  Kapff,  Ind.  Eng.  Chem.,  40,  842  (1948). 
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The  need  for  thin  layers  of  distilland  and  for  the  renewal  of  the  liquid 
suiface  was  envisaged  by  the  earliest  workers  in  the  field.  Thus  Burch’s3 
rst  experimental  evaporative  still  was  designed  so  that  the  evaporator 
consisted  of  a  shallow  tray  having  a  large  ratio  of  surface  area  to  depth. 
1  he  first  progress  toward  increasing  turbulence  in  thin  distilland  layers  was 
shown  by  Burch10  in  his  industrial  “cascade-tray”  still.  In  this  still,  the 
distilland  was  made  to  follow  a  systematic  course  through  a  series  of 
troughs  stacked  one  above  the  other  and  the  distillate  was  collected  on  cold 
plates  which  were  interleaved  between  the  troughs. 

^  True  “flowing-film”  stills  followed  the  “cascade-tray”  still  of  Burch. 
Examples  of  such  stills  are  the  “falling-film”  still  of  Hickman,11  the  “col¬ 
umn”  stills  of  Waterman  and  Oosterhof,12  and  Carr  and  Jewell,13  and  the 
“centrifugal  ’  still  of  Hickman.14  In  the  “flowing-film”  stills,  distilland  is 
caused  to  flow  in  a  thin  film  over  a  vaporizing  surface  either  by  gravity  or 
by  othei  means.  Distillation  is  from  the  thin  flowing  film  directly  to  a 
condenser  which  is  coextensive  with  the  vaporizing  surface.  “Flowing- 
film  stills  enabled  distillation  to  be  effected  from  distilland  films  approach¬ 
ing  0.1  mm.  thickness  and  extended  the  effective  range  of  distillation  to 
thermally  unstable  materials  having  molecular  weights  of  as  much  as  1200. 


3.  Distillation  Process 

In  considering  the  distillation  process,  several  factors  are  important  to 
the  chemist.  T  hese  include  the  rate  of  distillation,  the  thermal  hazard, 
and  the  separating  or  fractionating  ability  of  the  process.  These  factors 
will  be  briefly  considered  in  order. 


A.  RATE  OF  DISTILLATION 

As  has  been  pointed  out,  there  is  no  well  defined  temperature  at  which 
distillation  begins  under  high-vacuum  conditions.  Instead,  distillation 
occurs  at  any  temperature  as  long  as  there  is  a  thermal  gradient  between 
the  evaporator  and  the  condenser.  The  rate  of  distillation,  however,  in¬ 
creases  rapidly  with  increase  in  temperature  and  the  process  is  performed 
at  elevated  temperatures  merely  as  an  expedient  to  effect  distillation  of  a 
given  quantity  of  material  in  a  reasonable  length  of  time. 

The  rate  of  distillation  for  a  specific  substance  can  be  computed  from 

10  Burch,  Brit.  Pat.  303,078  (Dec.  21,  1928);  reissued  as  U.  S.  Pat.  1,955,321  (Apr. 
17,  1934). 

11  Hickman,  Ind.  Eng.  Chem.,  29,  968  (1937). 

12  Waterman  and  Oosterhof,  Rec.  trav.  chim.,  52,  895  (1933). 

13  Carr  and  Jewell,  Brit.  Pat.  415,088  (Aug.  17,  1934). 

14  Hickman,  Chem.  Revs.,  34,  51  (1944);  U.  S.  Pat.  2,210,928  (Aug.  13,  1940). 
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Langmuir’s  equation15  for  calculating  the  vapor  pressures  of  metals.  The 
evaporative  rate,  Q,  in  terms  of  moles  per  second  per  square  centimeter  of 

surface  is: 

Q  =  P/V2wMRT  (1) 


where  P  is  the  vapor  pressure  in  dynes  per  square  centimeter  measured  at 
absolute  temperature  T,  M  is  the  molecular  weight,  and  R  is  the  universal 
gas  constant  equal  to  8.3  X  107  ergs  per  °K.  per  mole.  Langmuir  checked 
the  validity  of  the  equation  by  measuring  the  rate  of  evaporation  of  hot 
metal  filaments  under  high  vacuum.  The  logarithms  of  the  vapor  pressures 
calculated  by  equation  (1)  using  his  experimental  data  plotted  against  the 
reciprocal  of  the  absolute  temperatures  gave  approximate  straight  lines  as 
predicted  by  the  Clausius-Clapeyron  equation.  Also,  the  vapor  pressures 
of  certain  metals  were  found  to  be  in  agreement  with  those  previously  re¬ 
ported  as  determined  by  other  methods.  The  analogy  between  metal 
evaporations  and  high-vacuum  distillation  can  readily  be  appreciated  and 
the  rate  equation  was  found  to  apply  to  high-vacuum  distillation  processes. 
The  derivation  of  the  Langmuir  equation  will  therefore  be  considered  in 
the  following  paragraphs. 

The  theoretical  derivation  of  the  rate  equation  is  based  on  simple  princi¬ 
ples  of  the  kinetic  theory  for  the  behavior  of  molecules  in  the  gaseous  state. 
1  he  kinetic  theory  postulates  that  there  is  a  continuous  flight  of  molecules 
from  the  surface  of  solid  or  liquid  matter  to  the  free  space  above  it.  Simul¬ 
taneously,  molecules  of  vapor  return  to  the  surface  at  a  rate  depending 
on  the  concentration  of  the  vapor.  When  the  rate  of  condensation  even¬ 


tually  equals  the  late  of  evaporation,  the  two  phases  are  said  to  coexist  in 
a  state  of  dynamic  equilibrium.  The  concentration  of  the  vapor,  or  more 
precisely,  its  pressure,  is  dependent  upon  the  temperature. 

The  vapor  at  the  interface  of  a  rapidly  boiling  liquid  can  justifiably  be 
considered  to  be  saturated  because  the  rate  at  which  the  vapor  is  being  re¬ 
moved  as  distillate  is  undoubtedly  very  small  as  compared  to  the  rate  at 
w  ich  the  liquid  is  vaporizing  and  again  recondensing  to  liquid.  As  the 
temperature  of  the  system  is  lowered,  these  processes  of  evaporation  and 
condensation  continue  at  equilibrium  but  their  rates  correspondingly  de- 
crease.  At  temperatures  so  low  that  the  vapor  pressure  of  a  substance 
oes  not  exceed  a  millimeter,  Langmuir  considers  that  the  actual  rate  of 
evaporafon  of  the  substance  is  independent  of  the  presence  of  the  surround¬ 
ing  vapor.  In  other  words,  the  rate  of  evaporation  of  a  substance  in  a 

saturated  vTpor.^*6  Sa”e  “  ™te  °f  evaPOTati™  *  the  presence  of  its 


The  process  of  evaporation  is  difficult  to  treat  theoretically  because  it 
Langmuir,  Phys.  Rev.,  2,  329  (1913);  8,  149  (1916). 
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involves  among  other  things  a  consideration  of  molecular  diffusion  in  the 
liquid  phase.  The  condensation  process,  however,  can  readily  be  accounted 
for  by  certain  aspects  of  the  kinetic  theory.  It  involves  a  gaseous  state 
and  because  of  the  low  vapor  densities  anticipated  in  the  temperature 
ranges  of  evaporative  distillation,  the  vapor  can  be  assumed  to  obey  the 
laws  of  a  perfect  gas.  If  an  expression  can  be  derived  to  account  for  the 
rate  of  condensation,  it  is  evident  that  this  expression  should  also  give  the 
rate  of  evaporation  because  of  the  original  assumption  that  at  equilibrium 
the  rate  of  condensation  equals  the  rate  of  evaporation.  In  the  derivation 
that  follows,  therefore,  the  expression  finally  arrived  at  will  be  that  for  the 
rate  of  condensation.  Consider  a  unit  volume  of  vapor  in  contact  with  its 
liquid  surface  and  suppose  that  the  usual  assumptions  of  the  kinetic  theory 
of  gases  apply,  namely,  that  the  vapor  molecules  are  small  as  compared 
with  the  distance  between  them,  that  there  are  no  forces  between  molecules, 
and  that  collisions  between  molecules  are  perfectly  elastic.  Equilibrium 
between  vapor  and  liquid  is  reached  when  half  the  molecules  in  the  unit 
cube  are  moving  toward  the  liquid  surface  and  the  other  half  are  moving 
away  from  it.  If  n  denotes  the  number  of  molecules  of  mass  m  in  the  unit 
volume  v  at  saturation,  the  quantity  of  vapor  approaching  the  liquid  sur¬ 
face  will  be  (V 2  mn)/v  or  y2  d,  where  d  equals  the  mass  per  unit  volume  or 
the  density.  The  average  component  of  velocity  either  to  or  from  the  sur¬ 
face  is  y,  u,  where  u  is  the  mean  velocity  of  the  vapor  molecules.  There¬ 
fore,  the  mass  w  of  vapor  which  strikes  a  unit  surface  of  the  liquid  in  unit 
time  is  the  product  of  the  vapor  concentration  and  its  mean  velocity,  or: 

w  =  y2d  X  l/%u  =  V idu  (2) 

The  density  of  the  vapor  can  be  expressed  as  a  function  of  its  pressure 
and  temperature  by  means  of  the  gas  law.  Since  d  =  M/\ ,  the  gas  law 
PV  =  RT  may  be  written: 

d  =  PM/RT  (3) 

where  V  is  gram  molecular  volume,  P  is  pressure,  M  is  molecular  weight, 

T  is  absolute  temperature,  and  R  is  the  gas  constant.  By  the  elimination 
of  d  between  equations  (2)  and  (3)  and  rearranging  terms,  the  mean-velocity 

component  becomes:  ... 

u  =  4  w(RT/PM)  W 


The  fundamental  equation  of  the  kinetic  theoiy. 

PV  =  V zvmc 2 


(5) 


relates  the  pressure-volume  product  of  a  gas  with  the  total 

of  its  molecules.  In  equation  (5)  n  and  then  usual  meamngs,  and 


c2  is  the  r 


lilies.  in  equation  w  . "  ~  .  ,  ,  .  A  -  m 

■oot-mean-square  velocity  or  the  velocity  obtained  fiom 
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square  root  of  1/nth  of  the  sum  of  the  squares  of  the  individual  velocities.18 
By  substitution  of  liT  for  its  equivalent,  PV,  and  M  for  mn,  and  solving 
for  c,  equation  (5)  becomes: 

c  =  V3RT/M  (6) 

where  M  is  the  molecular  weight  when  V  is  defined  as  the  gram  moleculai 
volume. 

Since  the  mean  velocity,  u,  is  related  to  the  root-mean-square  velocity , 
c2,  as  follows:16 

u  =  X  V c2 

or: 

\/  C2  =  V,/y/*/  37T  .  (7) 

the  mean  velocity  can  be  evaluated  by  combining  equations  (6)  and  (7) 
to  give: 

u  =  VsRT/tM  (8) 

Finally,  by  combining  equations  (4)  and  (8) : 

w  =  pVm/2ttRT  (9) 


which  is  the  rate  in  grams  per  second  per  square  centimeter  at  which  the 
vapor  condenses  on  the  liquid  surface.  At  equilibrium,  then,  equation  (9) 
also  gives  the  rate  of  evaporation  in  accordance  with  the  premise  set  forth 
at  the  start  of  the  derivation  of  the  rate  equation. 

Langmuir17  used  equation  (9)  to  calculate  the  vapor  pressures  of  pure 
metallic  elements  by  measuring  the  loss  in  weight  of  a  filament  which 
was  held  at  an  elevated  temperature  for  a  definite  length  of  time  under  high 
vacuum.  His  experimental  results,  particularly  with  tungsten,  platinum 
and  molybdenum,  clearly  show  the  validity  of  the  equation  under  these 
conditions. 

The  vaporization  of  atoms  from  metal  filaments  at  high  temperatures  is 
not  a  process  of  dynamic  equilibrium  in  the  sense  that  the  rate  of  evapora¬ 
tion  from  the  hot  filament  is  equal  to  the  rate  of  condensation  on  the  fila¬ 
ment.  Instead,  the  evaporating  molecules  pass  from  the  hot  filament 
surface  to  the  colder  walls  of  the  container,  where  they  condense  and  are 
thus  removed  from  the  sphere  of  activity.  A  condition  is  thus  established 


16  The  square  rootoHhe  root-mean-square  velocity,  c2,  differs  from  the  mean  velocity 

u  the  latter  is  V8/3  x  times  the  former.  For  a  more  extensive  explanation  the  reader 
Yot  rt°k  °fPhysical  Chemistry,  2nd  ed.,  Van  Nostrand,  New 

Yorki  1934,  p.  103.  ^  ’  *****  Th*"v  °f  Gases>  2nd  ed-  McGraw-Hill,  New 

17  Langmuir,  Phys.  Rev.,  2,  329  (1913);  8,  149  (1916). 
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in  which  the  rate  of  condensation  on  the  hot-metal  surface  is  practically 
zero  and  the  rate  of  evaporation  proceeds  normally  without  regard  to  the 
condensation  process.  In  general,  equation  (9)  is  applicable  to  the  evapo¬ 
rative  distillation  process.  Discrepancies  between  measured  and  calcu¬ 
lated  distillation  rates  are  largely  due  to  molecular  collisions  and  the  devia¬ 
tions  from  the  theoretical  rates  can  be  accounted  for  by  an  efficiency  factor, 
a,  as  follows: 

w  =  ciPVm/ZtRT  (10) 

The  validity  of  the  rate  equation  has  been  demonstrated  by  several  work¬ 
ers.  Washburn’s  data18  for  the  distillation  of  mercury  in  a  pot-type  molec¬ 
ular  still  at  0°  C.  are  given  in  Table  I.  The  distillation  rate  attained  was 
84%  of  the  theoretical  rate  calculated  by  equation  (9).  Also  using  mer¬ 
cury,  Knudsen19  showed,  by  the  use  of  an  equation  similar  to  that  of  Lang¬ 
muir,  that  a  approaches  unity  if  the  mercury  surface  is  kept  clean. 

TABLE  I 

Distillation  of  Mercury  in  Pot-Type  Molecular  Still  at  0°C.18 


Time  of  distillation .  4.0  hr. 

Area  of  distilling  surface .  48  cm.2 

Temperature  of  distilling  surface .  -  0 . 2  °C. 

Vapor  pressure  at  distilling  surface .  0.18m 

Weight  of  distillate  obtained .  5 . 2  g. 

Weight  of  distillate  calculated .  6.2  g. 

Efficiency . . . ^4% 


The  dew-point  data  of  Kapff  and  Jacobs20  for  the  vapor-pressure  deter¬ 
minations  of  high-boiling  esters  calculated  by  equation  (9)  gave  results 
in  close  agreement  with  values  obtained  by  Perry  and  Weber21  using  a 
method  of  directly  measuring  force  per  unit  area.  The  efficiency  factors 
under  these  conditions  are  unity  or  very  nearly  so.  The  results  of  Verhoek 
and  Marshall22  using  dynamic  methods  for  vapor-pressure  determinations 
also  show  that  coefficients  of  unity  can  be  obtained.  The  fact  that  coef¬ 
ficients  approaching  unity  can  be  obtained  indicates  that  intermolecular 
collisions  under  certain  conditions  and  to  a  limited  extent  are  permissib  e 

in  high-vacuum  distillation.  .  ,  ,  ,  ,i 

Equation  (9)  can  be  put  into  a  simplified  form  which  .s  useful  to  the 

Washburn,  el  a L,  J.  Research  Natl.  Bar.  Standards,  2,  467  (1929). 

>8  Knudsen,  Ann.  Physik,  47,  697  (1915). 

20  Kapff  and  Jacobs,  Rev.  Sci.  Instruments  18,  581  (1 947). 

Perry  and  Weber,  J.  Am.  Che, m  Sac.,  n,  3/20 1  (UW 

•*  Verhoek  and  Marshall,  J.  Am.  Chem.  Soc.,  61,  2737  (1939). 
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chemist.  R  is  equal  to  8.3  X  107  dynes-cm./g.  mole-°K.  and  to  convert  P 
to  mm.  it  is  multiplied  by  1333.  thus: 

w  =  0.0583P  V7  M/T  (H) 

where  w  is  the  distillation  rate  in  grams  per  second  per  square  centimeter 
and  P  is  the  vapor  pressure  in  millimeters  of  mercury. 

Although  hypothetical,  the  calculated  data  tabulated  in  Table  II  will 
serve  to  show  the  general  utility  of  equation  (11).  In  column  1,  the  molec¬ 
ular  weights  of  several  compounds  are  listed  in  increasing  order.  Column 
2  shows  the  distillation  rates  in  grams  per  second  per  square  centimeter  at 
1  n  saturation  pressure,  while  column  3  shows  these  values  as  mole  per 
second  per  square  centimeter. 


TABLE  II 

Hypothetical  Distillation  Rates 


Substance 

U) 

(2) 

(3) 

(4) 

(3) 

(3) 

Mol. 

wt. 

w  =  0.0583 

pVmJt 

(g./sec./cm.J) 

Q  =  0.0583 

p/Vmt 

(mole/sec./cm.2) 

P.  at  393°K. 
(120°C.) 

V  M/T 

at  1 

P 

Vm 

at  393°K. 

Stearic  acid 

284 

0.52  X  10-4 

0.0021  X  10-4 

35.0 

0.90 

2.07 

Cholesterol 

387 

0.56  X  10-4 

0.0014  X  10"4 

0.5 

0.97 

0.025 

Tricaproin 

387 

0.60  X  10"4 

0.0016  X  10-4 

20.0 

1.10 

1.01 

Tricaprylin 

401 

0.63  X  10“4 

0.0016  X  10“4 

0.5 

1.20 

0.025 

Tristearin 

891 

0.76  X  10“4 

0.0009  X  IQ"4 

0.0001 

1.32 

— 

For  any  given  temperature,  it  is  apparent  from  equation  (1)  that  the 
rate  of  evaporation  is  controlled  by  the  ratio  P/M.  The  quantity  distill¬ 
ing  therefore  is  a  function  of  this  ratio  and  the  relative  quantities  of  each 
constituent  distilling  are: 

Pi  Vi  Vn 

VMi  "VWn 

where  p  is  now  the  partial  pressure  of  the  constituent.  By  contrast,  in 
equilibrant  or  conventional  distillation,  where  the  effect  of  the  molecular 
mass  is  lost,  the  relative  quantities  of  constituents  distilling  from  a  mixture 
are  proportional  only  to  their  partial  pressures  such  as  pi,  p_>  ...  pn. 

B.  THERMAL  HAZARD 

One  of  the  greatest  virtues  of  high-vacuum  distillation  is  the  ability  to 
distil  successfully  substances  of  high  molecular  weight  which  are  thermally 
unstable  and  which  will  not  survive  conventional  distillation  processes. 
The  thermal  exposure  becomes  increasingly  important  as  the  size  of  the 
molecule  becomes  larger  and  special  precautions  must  be  taken  to  minimize 
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the  thermal  hazard.  The  quantity  of  distilland  being  heated  and  the  time 
of  heating  contribute  to  the  thermal  exposure. 

As  has  been  indicated,  distillation  under  high  vacuum  is  preferably  ef¬ 
fected  from  a  thin  film;  flowing-film  stills  are  particularly  adapted  for 
thin-film  formation.  A  comparison  of  film  thickness  and  times  of  exposure 
compiled  by  Hickman23  for  the  pot-type  and  flowing-film  stills  is  given  in 
Table  III.  The  thickness  of  the  distilling  layers  for  the  flowing-film  stills 
is  approximated  for  ideal  conditions.  Under  less  favorable  conditions 
generally  encountered,  the  thickness  of  the  distilland  layer  may  be  as  much 


TABLE  III 

Comparison  of  Film  Thickness  and  Times  of  Exposures 


Still 

Approx." 

distilland 

thickness 

Approx, 
time  of 
exposure 

Laboratory  pot  still . 

1-5  cm. 

1-5  hr. 

Industrial  falling-film  still . 

1-3  mm. 

2-10  min. 

Laboratory  falling-film  still . 

0. 1-0.3  mm. 

10-50  sec. 

Industrial  centrifugal  still . 

0.03-0.06  mm. 

0.1-1  sec. 

Laboratory  centrifugal  still . 

0  01-0.02  mm. 

0.04-0.08  sec. 

«  Assuming  similar  throughput  for  same  unit  area  of  all  stills. 


as  2  to  5  times  the  values  given  in  the  table.  As  can  be  seen  from  the 
table,  the  exposure  time  differs  markedly  between  the  pot-type  still  and 
the  flowing-film  stills.  In  a  cyclic  distillation  requiring  as  many  as  20 
passes,  the  distilland  is  maintained  at  the  highest  temperature  in  the  falling- 
film  still  for  a  total  time  of  only  5  to  15  minutes;  on  the  centrifugal  evap¬ 
orator  the  total  time  is  reduced  to  less  than  10  seconds.  The  halibut-liver 
oil  distillation  reported  by  Hickman24  serves  to  illustrate  the  comparative 
performance  of  the  falling-film  still  and  the  simple  pot  still,  the  vitamin  A 
recovery  in  the  pot  distillation  being  less  than  50%  of  the  original  charge 
while  the  recovery  in  the  falling-film  distillation  is  80%  of  the  original 

^The  thermal  hazard  encountered  during  a  given  distillation  is  a  function 
of  the  distillation  time  and  temperature.  Based  on  the  old  rule  of  thumb 
that  reaction  rates  double  with  each  10°  rise  in  temperature  and  that  ther- 
mil  decomposition  is  a  chemical  reaction,  Hickman  -  computed  poss.b  e 
rehrtive  thermal  exposures  from  the  boiling  pomt  o  d.bensyl  phthalate 
for  a  number  of  stills.  The  results  are  given  in  Table  IV.  1  he  centrifugal 

23  Hickman,  Chem.  Revs.,  34,  51 C1^). 

"n  iXSl"^  in  Proves,  4th  Series,  Ya.e  Univ.  Press,  New 
Haven,  1945,  Chapt.  IX. 
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TABLE  IV 


Honing  points  ol  clibenzyipntnaiate,  ior  example. 
Assuming  that  the  hazard  doubles  with  each  10  °C. 


Kind  of  still 

Pressure, 
mm.  Hg 

Time 

Temp.,® 

°C. 

Relative 
thermal 
coeff.  6 

Relative 

decompn. 

hazard 

Simple  flask . 

760 

1 

hr. 

360 

223 

1.5 

X 

1011 

Claisen  flask . 

10 

1 

hr. 

270 

214 

3.0 

X 

10* 

Wide-neck  pot  still . 

1 

1 

hr. 

220 

29 

9.2 

X 

10‘ 

Petroleum  flash  still . 

1 

1 

min. 

220 

29 

1 .5 

X 

10‘ 

Molecular  pot  still . 

0.001 

1 

hr. 

130 

1 

1.8 

X 

105 

Molecular  falling-film 

still . 

0.001 

1 

min. 

130 

'  1 

3.0 

X 

10* 

Molecular  centrifugal 

still . 

0.001 

1 

sec. 

130 

1 

5.0 

X 

101 

Molecular  centrifugal 

still . 

0.001 

0.02 

sec. 

130 

1 

1 

rise. 


evaporator  with  a  contact  time  of  0.02  second  per  pass  has  a  relative  thermal 
coefficient  of  1  and  a  relative  decomposition  hazard  of  1.  The  falling-film 
still  with  exposures  of  the  order  of  1  minute  has  a  relative  decomposition 
hazard  of  1/0.02  X  60,  or  3000. 

More  recently,  Hickman  and  Embree26  employed  a  “hazard  index”  to 
assign  numerical  values  to  thermal  decomposition  in  stills.  According  to 
this  concept,  the  decomposition  hazard,  D,  is  the  product  of  time,  t,  in 
seconds  and  pressure,  P,  in  microns,  expressed  as: 

D  =  tBec.  X  P „  (12) 

To  give  a  compact  range  of  decomposition  hazard  values,  D  is  preferably 
expiessed  as  log  D  or  Dh.  Thus  the  centrifugal  still  operating  for  1  second 
at  1  n  pressure  will  have  D  =  1,  or  Dh  =  0.  The  conventional  Claisen- 
flask  still  distilling  for  1  hour  at  atmospheric  pressure  will  have 

D  =  (3600  X  76,000)  =  2.74  X  109 
or  Dh  =  9.44 

C.  SEPARATION  OR  FRACTIONATION 

The  degree  of  separation  effected  by  these  high-vacuum  stills  compares 
very  favorably  with  the  unit  separation  of  the  conventional  equilibrant 
distillation  process.  The  phase  equilibria  of  conventional  distillation  are 
absent  m  high-vacuum  distillation  since  ebullition  is  prevented  and  the 
residual  gas  pressure  is  so  low  that  collisions  between  molecules  return  only 

18  Hickman  and  Embree,  lnd.  Eng.  Chern.,  40,  135  (1948). 
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a  negligible  number  of  distilling  molecules  to  the  evaporating  surface  while 
the  majority  pass  directly  to  the  condenser.  The  fractionating  power  of 
high-vacuum  stills  is  therefore  restricted  to  the  preferential  evaporation  of 
the  most  volatile  constituents  from  the  surface  layers.  Replenishment  of 
the  surface  layers  is  maintained  by  diffusion  of  the  desired  constituents 
from  the  body  of  the  liquid.  When  the  rate  of  removal  of  a  certain  consti¬ 
tuent  from  the  liquid  surface  exceeds  the  rate  of  diffusion  of  other  similar 
molecules  to  the  surface,  a  state  of  depletion  sets  in.  To  obtain  maximum 
efficiency  in  the  high-vacuum  distillation  process  it  thus  becomes  necessary 
to  induce  a  violent  but  splashless  agitation  in  the  liquid  phase  to  hasten 
the  inherently  slow  process  of  molecular  diffusion.  This  was  a  prime  ob¬ 
jective  in  the  evolution  of  the  modern  flowing-film  stills  such  as  the  falling- 
film  still  in  which  distilland  flows  downward  by  gravity  over  a  vaporizing 
surface  and  the  centrifugal  still,  where  distilland  is  spread  by  centrifugal 
force  over  the  surface  of  a  disclike  evaporator. 

In  the  centrifugal  still,  the  centrifugally  induced  turbulent  flow  of  dis¬ 
tilland  enables  separations  of  about  1  theoretical  plate  per  pass.  Although 
differing  in  principle  in  that  the  quantities  of  material  distilling  are  propor¬ 
tional  to  p/y/M  for  each  constituent,  the  results  from  the  centrifugal 
high-vacuum  still  per  pass  are  comparable  to  the  simple  equilibrium  still 
whose  separating  power  depends  only  on  differences  in  the  partial  pressure, 
p,  of  the  components.  Turbulent  flow  induced  by  the  centrifugal  evapora¬ 
tor,  therefore,  contributes  to  high-vacuum  distillation  that  which  is  con¬ 
tributed  by  ebullition  in  the  equilibrant  still.  Relative  performances  of 
the  high-vacuum  stills  have  been  assessed  in  terms  of  the  “elimination 
curve,”24  which  is  discussed  in  some  detail  in  connection  with  analytic 
high-vacuum  distillation. 

Fractionation,  or  more  precisely  the  achievement  in  a  single  operation 
of  a  greater  degree  of  separation  than  can  be  attained  by  a  single  simple 
distillation,  does  not  occur  on  the  ordinary  laboratory  flowing-film  stills. 
Separations  better  than  those  obtained  by  single  distillations  are  usually 
realized  by  repeated  distillation.  The  fractions  resulting  from  a  cyclic 
distillation  are  recombined  according  to  the  distribution  of  the  desired 
constituents  and  the  composites  individually  redistilled.  The  operation 
may  be  repeated  as  many  times  as  necessary  to  effect  the  desired  separation. 
Schemes  for  connecting  stills  together  to  achieve  fractionation  have  been 


set  out  by  Fawcett27  and  by  Fraser.28  . 

Several  devices  have  been  proposed  to  increase  the  fractionating  ab  } 
of  a  single  high-vacuum  still.  The  use  of  a  semipermeable  barrier-  inter- 


*  Fawcett  and  McCowen,  U.  S.  Pat.  2,073,202  (Mar.  9,  1937). 

28  Fraser,  U.  S.  Pat.  2,128,223  (Aug.  30,  1938). 

29  Hickman,  Ind.  Eng.  Chem.,  39,  686  (1947). 
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posed  between  evaporator  and  condenser  has  been  suggestc  o  s  p 
feast  volatile  molecules  of  the  primary  evaporation  while  allowing  the  more 
volatile  molecules  to  pass  to  the  condenser.  A  cone-type  centi  lfugal  sti 
has  been  recommended  for  multiple  redistillation.  In  this  still,  a  cornea 
rotor  is  sectioned  into  three  zones.  Distilland  is  introduced  onto  the  rotor 
at  the  bottom  of  the  upper  zone  and  travels  up  to  the  gutter.  Distillate 
obtained  during  this  short  passage  drips  back  onto  the  rotor  at  the  bottom 
of  the  middle  zone  and  is  redistilled  during  travel  up  the  rotor.  The  second 
distillate  drops  to  the  bottom  zone  of  the  rotor  and  gives  rise  to  a  third 
distillate  as  it  travels  up  the  rotor.  The  third  distillate  is  withdrawn  as 

product. 

Brewer  and  Madorsky31  have  described  a  10-cell  countercurrent  reflux 
vacuum  still  which  they  used  for  the  separation  of  mercury  isotopes.  The 
ten  evaporators  are  arranged  in  a  row,  one  slightly  above  the  other  in  such 
fashion  that  the  condensates  drain  from  the  condenser  to  the  evaporator 
cell  once  removed  upstream  in  the  series  while  the  distilland  overflows  one 
cell  downstream.  A  similar  still  was  proposed  by  Wollner,  Matchett,  and 
Levine32  and  used  to  purify  acetylated  marihuana  “red  oil.” 


III.  HIGH-VACUUM  DISTILLATION  TECHNIQUES 


For  the  purposes  of  this  section,  distillation  techniques  will  be  illustrated 
by  reference  to  a  few  typical  distillation  methods.  Suitable  high-vacuum 
stills  will  be  described  in  connection  with  each  method.  Variations  in 
apparatus  and  techniques  will  be  obvious  in  connection  with  the  several 
methods. 


1.  Simple  High-Vacuum  Distillation 


The  simplest  form  of  high-vacuum  distillation  is  the  separation  of  a  de¬ 
sired  material  from  a  residue  of  higher  molecular  weight.  The  distillation 
is  particularly  adapted  for  purification  of  a  material  which  is  difficult  to  dis¬ 
til  under  ordinary  atmospheric  distillation  conditions.  For  such  simple 
distillations,  particularly  when  a  small  quantity  of  material  is  being  treated, 
the  extremely  simple  “cold-finger”  pot  still  may  be  used.  Two  useful  types 
of  the  “cold-finger”  stills  which  are  easy  to  make  and  which  are  also  com¬ 
mercially  available33  are  shown  in  b  igure  2.  These  stills  consist  of  concen¬ 
tric  test  tubes  sealed  by  rubber-to-glass  seals  (Fig.  2A)  or  flange  seals  (Fig. 


30  Hickman,  U.  S.  Pat.  2,234,166  (Mar.  11,  1941). 

31  Brewer  and  Madorsky,  J.  Research  Natl.  Bur.  Standards,  38,  129  (1947). 

32  Wollner,  Matchett,  and  Levine,  Ind.  Eng.  Chem.,  Anal.  Ed.,  16,  529  (1944) 

33  Information  on  High  Vacuum  Distillation.  Distillation  Products  Industries 
ter,  N.  April,  1947. 
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2B).  Heat  is  supplied  by  an  oil  bath  which  is  heated  electrically  or  by  a 
Bunsen  flame.  1  he  use  ot  the  oil  bath  permits  temperature  measurements 
which  are,  for  practical  purposes,  the  temperatures  of  the  distilland. 

A  typical  simple  high-vacuum  distillation  is  illustrated  by  the  separation 
of  tocopherol  from  lard,  as  reported  by  Quaife  and  Harris34,35  employing  a 
cold-finger  still  as  illustrated  in  Figure  2A. 

1  g.  of  lard  containing  a  small  percentage  of  tocopherol  is  charged  into  the  outer 
tube  of  the  still,  preferably  as  a  thin  film  in  a  metal-foil  cup.  The  sample  is  de¬ 
gassed  by  closing  the  still  with  a  rubber  stopper  and  reducing  the  pressure  to  less 


Fig.  2.  “Cold-finger”  stills  (dimensions  in  millimeters).33 


than  1  [i  at  room  temperature.  The  pressure  is  returned  to  atmospheric  pressure, 
the  inner  tube  is  immediately  placed  in  position,  and  the  pressure  is  again  reduced 
to  1  u  The  inner  tube  is  then  filled  with  dry  ice  and  serves  as  a  condenser.  The 
temperature  of  the  oil  bath  is  raised  rapidly  to  220 °C.  for  30  minutes  whereupon  dis¬ 
tillation  takes  place.  The  oil  bath  is  removed  and  the  still  is  allowed  to  cool  to 
room  temperature  under  vacuum.  The  condenser  tube  is  then  removed  and  the 
distillate  is  washed  off  quantitatively  by  means  of  chloroform.  In  this  way,  more 
than  90%  of  the  tocopherol  content  of  the  lard  is  recovered  as  distillate. 

The  method  is  readily  applicable  for  separation  and  recovery  of  small 
amounts  of  many  organic  materials  which  are  admixed  with  a  large  amount 
of  a  higher-boiling  material.  The  smaller  still  shown  in  Figure  2A  is  suit- 

3“  Ouaife  and  Harris,  Ind.  Eng.  Chern.,  Anal.  Ed.,  18,  707  (1946). 

33  Quaife  and  Harris,  Anal.  Chern.,  20,  1221  (1948). 
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ably  employed  for  samples  of  less  than  5  g. ;  samples  up  to  25  g.  can  be  ac- 
commodated  in  the  larger  apparatus. 

2.  Cyclic  Distillation 

The  previously  described  methods  have  been  concerned  for  the  most  part 
with  relatively  simple  materials.  It  is  often  desirable,  however,  to  sepa¬ 
rate  complex  mixtures  into  component  fractions.  The  component  fractions 
may  vary  widely  in  volatility,  molecular  weight,  and  thermal  stability. 
Since  the  nature  of  the  mixture  is  often  unknown,  it  is  difficult  to  decide 
what  type  of  high-vacuum  still  to  use.  In  such  a  case  it  is  desiiable  to  lun 
a  trial  distillation  in  a  boiling-point  still  to  gain  an  idea  of  the  distillability 
of  the  material  with  regard  to  the  stability  and  the  viscosity  of  the  distil- 
land.  When  the  boiling  point  of  the  material  is  high  and  the  thermal  sta¬ 
bility  is  low,  the  use  of  a  flowing-film  high-vacuum  still  is  indicated.  If  the 
thermal  stability  is  good,  the  boiling-point  still  or  a  conventional  vacuum 
fractionating  column  can  be  used.  A  limited  but  useful  working  guide  in 
choosing  distillation  apparatus  is  that  those  substances  having  molecular 
weights  up  to  300  can  be  processed  in  boiling-point  stills,  while  those  in  the 
range  of  300-1000  require  flowing-film  high-vacuum  stills. 

In  many  cases  it  is  not  possible  to  complete  a  distillation  in  one  kind  of 
still  because  nearly  all  crude  materials  contain  substances  which  boil  at 
lower  and  higher  temperatures  than  the  main  body  of  material  being  proc¬ 
essed.  A  typical  example  of  the  distillation  of  a  natural  substance  is 
furnished  by  the  cyclic  distillation  of  a  diethyl  ether  extract  of  orange  peel. 
The  extract  contains  the  ether,  terpenes,  heavy  essential  oils,  and  relatively 
involatile  waxlike  substances.  The  cyclic  distillation  of  orange-peel  extract 
to  separate  it  into  a  number  of  fractions  will  be  described  in  detail  to  illus¬ 
trate  the  general  technique  employed. 

In  the  first  step  of  the  process,  the  ether  is  removed  from  the  extract  by 
means  of  a  water  aspirator  leaving  the  orange-peel  extract  which  is  to  be 
separated  into  fractions.  Since  the  extract  contains  relatively  volatile 
terpenes,  it  is  first  treated  in  a  modified  boiling-point  still36  which  is  useful 
for  distillation  of  substances  which  are  too  volatile  for  convenient  handling 
in  the  flowing-film  high-vacuum  stills  and  too  thermally  unstable  for  dis¬ 
tillation  by  conventional  methods.  Several  models  of  these  stills  are  shown 
in  Figure  3  and  Chapter  V,  Figure  13.  They  consist  of  boiler,  A  fitted 
with  a  column,  B,  which  terminates  in  an  enlarged  bulb,  C,  and  a  collecting 
alembic,  E.  Vapors  of  distilland  from  boiler  A  are  passed  up  column  B 
where  they  are  freed  of  entrained  material  and  expand  into  bulb  C  and  are 
condensed  and  collected  in  alembic  E.  By  attaching  a  side  manometer,  f' 

3f  Hickman,  J.  Franklin  Inst.,  213,  119  (1932). 
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as  shown,  which  will  collect  a  small  amount  of  distillate,  the  exact  pressure 
corresponding  to  the  vapor  temperature  in  C  can  be  obtained.  This  pres¬ 
sure  is  the  sum  of  the  pressure  indicated  by  the  manometer  and  the  pres- 


sure  indicated  by  the  independent  gage  which  measures  the  pressure  of  the 

Sy  In '  the  orange-peel  extract  distillation,  the  extract,  freed  of  ether,  a 
charged  into  flask  A  of  the  boiling-point  still  assembly  shown  in  igure 
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When  the  stopper  B  carrying  thermometer  C  is  inserted  as  shown  the  system 
is  ready  for  evacuation.  Cold  trap  D  and  beaker  E  were  previously  charged 
with  dry  ice  and  acetone.  The  system  is  evacuated  to  a  pressure  of  20  mm. 
mercury  by  mechanical  pump  F  and  maintained  at  that  pressure  by  con¬ 
trolled  leak  H,  the  pressure  being  indicated  by  manometer  G.  During  the 
early  stages  of  evacuation,  the  charge  may  froth  and  foam  consideiably  due 
to  the  violent  escape  of  solvent,  dissolved  gases,  and  possibly  moisture. 
The  ether  passes  directly  to  trap  D,  condenses,  and  is  collected  in  receiver 

K.  Moisture  remains  in  D  as  a  frost. 

Oil  bath  I  is  then  slowly  heated  by  means  of  the  electrical  immersion 
element  and  the  oil  bath  temperature  is  measured  on  thermometer  J. 
The  applied  heat  increases  the  ebullition  in  the  flask  for  a  short  time  while 
the  distiliand  is  freed  of  the  last  traces  of  volatile  matter.  As  the  tempera¬ 
ture  of  the  oil  bath  increases,  the  pressure  in  the  system  is  kept  constant 
by  adjusting  leak  H.  Finally,  the  rising  vapor  in  the  lagged  column  reaches 
thermometer  C  causing  the  temperature  to  rise  rapidly  and  distillation  be¬ 
gins.  The  condensate  gathers  in  droplets  which  collect  in  the  alembic 
and  pass  through  vacuum  plugcock  M.  The  distillate  is  refluxed  through 
M  back  to  the  column  until  the  desired  distillation  rate  is  established  by 
final  adjustment  of  temperature  and  pressure.  After  steady  distillation 
has  proceeded  for  10-15  minutes,  stopcock  M  is  opened  and  the  terpene 
distillates  are  collected.  Thermometer  C  indicates  a  constant  value  for 
the  greater  part  of  the  distillation  because  the  terpene  fraction  comprises 
77 .0%  of  the  original  weight  of  the  extract.  As  the  last  of  the  terpenes  dis¬ 
til,  the  temperature  begins  to  increase  "and  the  distillation  is  terminated. 
The  flask  is  cooled  and  the  residue  is  transferred  quantitatively  by  the  aid 
of  solvents  to  the  flowing-film  high-vacuum  still. 


For  purposes  of  this  example,  a  small  laboratory  centrifugal  still  of  the 
type  shown  diagrammatically  in  Figure  5  is  used,  the  method  being  the  same 
whether  a  falling-film  still  or  a  centrifugal  still  is  used.  The  centrifugal 
still  assembly  pioper  consists  of  an  inverted  bell-dome  enclosure  containing 
an  aluminum  rotor  with  embedded  electrical  heaters  and  an  aluminum  cup 
supported  just  below  the  rotor  to  serve  as  a  residue  collector.  The  bell 
dome  is  connected  through  a  cold  trap  to  an  oil  diffusion  pump  which  in 
turn  communicates  with  a  mechanical  fore  pump.  A  Pirani  gage  is  used 
to  indicate  the  pressure  within  the  dome  and  a  variable  transformer  regu- 
ates  the  power  to  the  electrical  heaters.  The  waxy  residue  from  the 
boiling-point  distillation  is  drawn  through  tube  B  into  dome  A,  which  serves 
as  a  reservoir,  while  the  still  is  under  vacuum  to  effect  preliminary  degas- 

Tuu  i1G  C'rCU  ?tm?  pUmp’  C’  is  immediately  put  into  operation  and  the 

W  rVS  7,  OVe”otor  D-  A  heat  applied  to  the  rotor  as- 

the  final  degassing.  Heating  of  the  rotor  must  be  done  continuously 
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01  distillate  may  be  evolved  and  lost  to  trap  E,  which  is  refrigerated  with 
dry  ice  and  acetone.  The  temperature  of  the  rotor  is  kept  below  60°C. 

The  distilland  is  circulated  through  one  or  two  cycles  to  effect  complete 
degassing,  and  during  the  final  stages  of  degassing,  the  oil  diffusion  pump  is 
started.  When  the  diffusion  pump  is  in  full  operation,  the  rotor  tempera¬ 
ture  is  slowly  increased  until  distillation  begins.  The  first  distillate  is  re¬ 
turned  to  the  still  and  the  temperature  is  adjusted  to  80°C.  which  is  the 
nearest  10°C.  mark.  When  the  temperature  is  stabilized  at  80°C.,  the  first 


cycle  is  begun.  The  ball  valve  is  closed  and  the  first  traction  of  distillate  is 
collected  in  receiver  I  by  opening  vacuum  valve  H.  As  the  last  dregs  of 
distilland  are  pumped  out  of  the  bottom  of  dome  A,  the  ball  valve  is  opened, 
allowing  the  residue  from  the  first  cycle,  which  has  collected  in  the  alu¬ 
minum  cup  G  below  the  rotor,  to  flow  into  the  lower  reservoir  where  it  then 
becomes  the  distilland  for  the  next  cycle.  The  first  cycle  is  continued  for 
an  additional  minute  to  flush  the  pump  and  the  lines  to  the  rotor.  ri  he  dis¬ 
tillate  stopcock,  H,  is  then  closed  and  the  temperature  of  the  rotor  is  in¬ 
creased  to  90°C.  While  making  the  temperature  adjustment,  a  new  dis¬ 
tillate  receiver  is  put  in  place.  This  is  done  without  interrupting  the  prog¬ 
ress  of  the  distillation  by  using  two  stopcocks.  When  the  temperature 
reaches  90°C.,  the  ball  valve  is  closed  and  stopcock  H  is  opened  to  collect 

the  second  fraction. 
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These  operations  are  repeated  at  each  10°  interval  up  to  230°C  to  give 
a  series  of  16  yellow-to-orange  fractions.  At  the  end  of  the  distillation  the 
diffusion  pump  and  the  rotor  are  allowed  to  cool  before  air  is  admitted  to 
the  system.  The  residue  is  allowed  to  circulate  over  the  rotor  until  the 
temperature  drops  well  below  100°C.  The  mechanical  pump  is  then 
stopped  and  the  vacuum  is  released.  The  residue  is  drained  from  tube  B 
into  a  sample  bottle.  The  still  is  cleaned  by  circulating  a  solvent  through 
the  system  by  means  of  the  feed  pump  while  the  rotor  is  still  hot.  The 
rapid  evaporation  of  the  solvent  floods  the  whole  interior  of  the  still  and 
washes  the  viscous  residue  into  the  lower  reservoir,  from  which  the  washings 


are  then  drained. 

The  course  of  a  typical  orange-oil  distillation  is  shown  in  Table  V.  The 
data  are  presented  on  a  typical  laboratory  record  form  which  gives  all  the 


Material : 


TABLE  V 

Organic  Research  Laboratory 
Distillation  Data 
EXTRACTED  ORANGE  PEEL  OIL 


Number:  0100 


Distilled  for: 

THE  SQUEEZE-IT  CORP. 

Date: 

6-1-49 

No. 

Temp., 

°C. 

Pressure 

Gross, 

g- 

Tare, 

g- 

Net, 

g. 

% 

cut 

s  % 

State 

Color 

Charge* 

5000 

A 

68- 

20 

3850 

77.0 

77.0 

L 

Ww 

80 

mm. 

Residue 

1150 

23.0 

It 

80 

250  p 

95.4 

60.1 

35.3 

0.7 

77.7 

L 

Ww 

2 

90 

200 

175.5 

89.1 

86.4 

1.7 

79.4 

L 

Ww 

3 

100 

100 

147.8 

89.7 

58.1 

1.2 

80.6 

L 

Y 

4 

110 

60 

118.7 

88.8 

29.9 

0.6 

81.2 

L 

Y 

5 

120 

40 

119.5 

90.1 

29.4 

0.6 

81.8 

L 

Y 

6 

130 

25 

115.7 

89.5 

26.2 

0.5 

82.3 

L 

Y,  C 

7 

140 

15 

173.5 

90.2 

83.3 

1.7 

84.0 

L 

Y,  C 

8 

150 

8 

139.9 

89.6 

50.3 

1.0 

85.0 

Ss 

Y 

9 

160 

6 

140.0 

88.9 

51.1 

1.0 

86.0 

S 

Y 

10 

170 

6 

147.1 

90.1 

57.0 

1.1 

87.1 

S 

Y 

11 

180 

4 

134.4 

89.9 

44.5 

0.9 

88.0 

S 

Y-0 

12 

190 

4 

121.3 

90.1 

31.2 

0.6 

88.6 

s 

Y-0 

13 

200 

4 

135.3 

88.8 

46.5 

0.9 

89.5 

s 

Y-0 

14 

210 

4 

149.7 

89.9 

59.8 

1.2 

90.7 

s 

0 

15 

220 

6 

198.7 

89.5 

109.2 

2.2 

92.9 

s 

R-Br 

16 

230 

10 

266.5 

143.2 

123.3 

2.5 

95.4 

s 

R-Br 

Residue 

272.4 

147.8 

124.6 

2.5 

97.9 

s 

Bl 

’  Roiling  point,  f  Centrifugal. 

BCHllSUlltl,  O 

R,  red.  Br,  brown.  Bl,  black. 
Still  Used:  Molecular. 


solid.  Ww,  water-white. 
C,  crystalline. 


Y,  yellow.  O,  orange. 
Operator:  J.  Doe 
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pertinent  information  regarding  the  distillation.  In  this  case,  the  results 
ol  the  boiling-point  distillation  are  shown  in  the  first  lines.  The  remaining 
data  foi  the  centrifugal  still  show  the  temperatures  of  the  residues  as  they 
left  the  rotor  at  each  cycle,  and  the  pressures  as  read  on  a  Pirani  gage.  The 
results  are  calculated  on  the  basis  of  a  5000-g.  charge  of  the  original  oil  to 
the  boiling-point  still.  Thus,  the  terpene  fraction  removed  at  20  mm. 
pressure  amounted  to  77%  of  the  charge.  The  residue  was  a  yellow-to- 
brown  semiviscous  liquid  having  the  fragrant  orangelike  odor  of  the  orig¬ 
inal  material.  Fractions  1-16  were  obtained  from  the  centrifugal  still. 


Fig.  6.  Results  of  tail-oil  distillations. 


Fractions  1  and  2  were  water-white  and  appeared  to  consist  mostly  of  ter¬ 
pene  material  not  removed  in  the  boiling-point  distillation,  which  was  ter¬ 
minated  before  completion  so  as  not  to  harm  the  heavier  constituents. 
Fractions  3-7  were  yellow  oils  with  some  crystals  appearing  in  the  last  ones. 
The  remaining  fractions  were  solids  ranging  from  a  bright  yellow  through 
orange  to  brown.  These  fractions  progressively  increased  in  hardness. 

The  residue  was  a  hard  and  brittle  black  solid. 

This  general  procedure  of  cyclic  distillation  is  very  useful  with  many  sub¬ 
stances  Sometimes  the  distillation  amounts  to  little  more  than  removing 
small  quantities  of  impurities  and  color  from  a  single  substance,  as,  for 
example,  a  high-molecular  plasticizer. 


VI. 


DISTILLATION  UNDER  HIGH  VACUUM 


517 


The  cyclic  distillation  of  tall  oil  is  summarized  in  Figure  6.  The  curves 
represent  the  relation  between  feed  and  distillate  compositions  at  distilla¬ 
tion  rates  of  40%  of  the  feed  rate. 

3.  Analytical  Distillation 

Analytical  distillation  is  a  systematic  procedure  of  distillation  which  was 
devised  by  Hickman37  for  the  determination  of  a  relative  boiling  point¬ 
like  temperature  and  an  estimate  of  the  purity  of  materials  allegedly  com¬ 
posed  of  a  single  substance.  This  method  involves  the  determination  of 


the  temperature  at  which  the  rate  of  removal  or  elimination  of  a  constitu¬ 
ent  from  a  specially  prepared  substrate  reaches  a  maximum .  The  tempera¬ 
ture  value  at  the  maximum  is  a  specific  property  of  the  distilling  species 
and  is  designated  the  “elimination  temperature.”  It  is  reproducible  to  a 
high  degree  of  accuracy  under  controlled  conditions,  and  substances  can 
thereby  be  characterized  by  a  temperature  measurement  in  much  the  same 
manner  as  by  the  boiling  point  in  equilibrant  distillation.  The  procedure 
consists  of  subjecting  the  substance  under  investigation,  contained  in  a 
special  solvent  medium,  to  repeated  distillations  in  a  cyclic  batch  still 
such  as  a  centrifugal  still  or  a  falling-film  still,  with  each  successive  distilla¬ 
tion  carried  out  at  a  progressively  higher  temperature.  In  this  way  the 

57  Hickman,  Ind.  Eng.  Chem.,  29,  968  (1937). 
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rate  of  elimination  of  the  desired  constituent  increases  steadily  to  a  maxi¬ 
mum  value  and  then  drops  off.  As  the  distilland  becomes  impoverished 
ol  the  distilling  constituent,  the  rate  of  removal  necessarily  diminishes  to 
zero  when  the  constituent  is  completely  distilled  out.  The  variation  in 
concentration  ol  the  constituent  from  fraction  to  fraction,  when  plotted 
as  a  function  of  the  temperature  at  which  the  fraction  distils,  resembles  a 
probability  distribution  curve  and  was  called  the  “elimination  curve”  by 
Hickman.37  The  theoretical  shape  of  the  elimination  curve  for  a  single 
substance  was  determined  mathematically  by  Embree38;  theoretical 
elimination  curves  are  shown  in  Figure  7. 

The  elimination  method  depends  upon  the  intrinsic  distillability  of  the 
substance,  that  is,  the  ratio  of  the  number  of  molecules  of  a  given  species 
leaving  the  distilling  surface  to  the  number  of  the  same  kind  of  molecules 
remaining  in  the  surface  layer  of  distilland  in  unit  time,  and  upon  the  rate 
of  elimination  of  the  desired  constituent  as  shown  by  the  rate  of  accrual  of 


TABLE  VI 

Course  of  Elimination 

Arithmetic87 


Total 
per  cent 


15 

16 

17 

18 

19 

20 


26 . 97 
18.33 
10.84 
4.38 
1.58 


Time 

interval 

No. 

Per  cent 
material 
left  in 
distilland 

Distillability 
or  intrinsic 
distn. 
rate 

Approx, 
rate  of 
elimination 

material 

elimin. 

from 

distilland 

0 

100 

1 

1 

1 

1 

99 

1.26 

1.25 

2.25 

2 

97.75 

1.59 

1.55 

3.80 

3 

96.2 

2.0 

1.92 

5.72 

4 

94.28 

2.52 

2.37 

8.09 

5 

91.91 

3.175 

2.91 

11.00 

6 

89.0 

4.00 

3.56 

14.56 

7 

85.44 

5.23 

4.31 

18.87 

8 

81.13 

6.36 

5.17 

24.04 

9 

75.96 

8.00 

6.07 

30.11 

10 

70.00 

10.06 

7.04 

37.15 

11 

62.85 

12.67 

7.95 

46.10 

12 

53.9 

16.0 

8.63 

54.73 

13 

45.27 

20.15 

9.13 

63.86 

14 

36.14 

25.4 

9.17 

73.03 

32.00 

40.7 
50.4 
64.0 

80.7 
101.61 


8.64 

7.49 

5.46 

2.80 

1.27 


81.67 

89.16 

95.62 

98.42 


Calculus38 


Total 
per  cent 
material 
elimin. 

Per  cent  Per  cent  from 
Zi  Wi  distilland 


100 

1 

1 

99 

1. 

19 

2. 

19 

97. 

81 

1. 

56 

3. 

75 

96. 

25 

1 . 

92 

5. 

67 

94. 

33 

2. 

26 

7. 

93 

92. 

07 

2. 

86 

10. 

79 

89. 

21 

3. 

48 

14 

27 

LO 

GO 

73 

4. 

.20 

18 

.47 

81. 

53 

5 

06 

23. 

53 

76, 

,47 

5. 

.88 

29 

41 

70 

59 

6, 

.78 

36. 

.19 

63 

.81 

7. 

.60 

43 

.79 

56 

21 

8. 

.32 

52 

.11 

47 

.89 

8 

77 

60 

.88 

39 

.12 

8 

.80 

69 

.68 

30 

32 

8. 

.30 

77 

.98 

22. 

02 

7 

29 

85 

.27 

14 

73 

5 

.87 

91 

.  14 

8 

.86 

4 

20 

95 

34 

4 

.  66 

2 

.58 

97 

92 

2 

.08 

1 

.29 

99 

.21 

38  Embree.  Ind.  Eng.  Chern.,  29,  975  (1937). 
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condensate.  At  constant  temperature,  the  distillability  is  constant  while 
the  rate  of  elimination  gradually  decreases  to  zero  as  the  distilland  becomes 
depleted  in  the  distilling  constituent.  By  raising  the  temperature  of  each 
successive  cycle  in  discrete  steps,  the  distillability  is  increased  at  each  step 
and  the  rate  of  elimination  rises  to  a  maximum  and  then  falls  off  to  zero. 

Table  VI  shows  hypothetical  elimination  data  as  calculated  by  Hickman37 
arithmetically  and  by  Embree38  using  calculus.  Curve  A  in  Figure  7  is 
based  on  these  data,  and  the  shape  of  the  curve  has  been  verified  experi¬ 
mentally.  An  increase  in  cycle  time  causes  a  displacement  of  the  maximum 
to  lower  temperatures  (see  curve  C,  Fig.  7). 

The  experimental  equation  derived  by  Embree38  for  the  computation  of 
elimination  rates  from  a  nonvolatile  solvent  in  a  series  of  progressive  inter¬ 
vals  has  the  following  form: 

Wi  =  Z,(  1  -  e~brim/100)  (13) 


where  Wt  is  per  cent  of  original  amount  of  substance  eliminated  in  any  z'th 
interval;  Z£  is  per  cent  of  original  amount  of  substance  remaining  in 
distilland  at  the  start  of  the  ?th  interval ;  b  is  per  cent  of  substance  distilled 
out  at  end  of  first  interval;  r  is  factor  by  which  distillability  at  the  start 
b  increases  at  each  of  successive  temperatures;  and  m  is  the  units  of  time 
at  each  temperature. 

Ciu\e  B  ol  Figure  7  was  based  on  rates  of  elimination  calculated  by 
equation  (13)  using  the  conditions  of  distillability  assumed  by  Hickman  in 
the  arithmetically  calculated  hypothetical  distillation.  The  curves  of 

Figure  8  were  calculated  by  Embree  using  m  values  of  1,2,  and  4  unit  time 
intervals. 

In  carrying  out  the  elimination  distillation  process,  the  distillate  frac¬ 
tions  are  usually  small  and  difficult  to  remove  from  the  condenser.  To 
aoihtate  collection  of  fractions  and  minimize  drainage  errors,  a  substance 
is  preferably  added  to  the  distilland  which  co-distils  with  the  desired  con¬ 
stituent  and  which  has  a  constant  distillation  yield  over  the  range  of  tem¬ 
peratures  employed  during  the  process.  The  choice  of  this  so-called  “con- 
S  ant-y,e  d  01  will  depend  upon  the  distillation  conditions.  Typical  con- 
s  ant-jield  oils  are  mixtures  of  synthetic  glycerides  and  of  distilled  hvdro- 
>on  lubricating  oils  of  SAE  viscosity  20  to  40.  The  synthesis  of  a  tri 
g  ycende  oil  has  been  set  out  in  detail  in  the  literature,38  the  compounded 
eing  a  blend  of  mixed  triglycerides  of  aoetir*  anul  u,  ±  .  , 

-  rr  — 

msaturatea  (.  18  acids  from  saponified  nprilla  mi  rri  „  .  ‘ 

should  distil  over  the  range  of  100  to  220°C.  yielding  nlr^lq^weights 

”  Ua!iter’  <:ray’  and  Tischer,  Ini.  Eng.  Chem.,  29,  1 1 12  (11137 ). 
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ot  distillate  at  each  temperature,  t  he  oil  should  yield  liquid  fractions  over 
the  entire  temperature  range,  be  thermally  stable  under  the  conditions  of 


distillation,  and  be  inert  toward  the  constituent  under  examination.  A 
typical  pilot  distillation  of  a  constant-yield  oil  is  shown  in  Table  VII. 


TABLE  VII 


Pilot  Distillation  of  Const ant-Yield  Oil 


Fraction 

Temperature, 

°C. 

Per  cent 

Cut 

Fraction 

Temperature, 

°C. 

Per  cent 

Cut 

1 

100 

4.0 

10 

190 

6.6 

2 

110 

4.8 

11 

200 

6.6 

3 

120 

6.1 

12 

210 

7.4 

4 

130 

6.0 

13 

220 

6.4 

5 

140 

5.9 

14 

230 

7.2 

6 

150 

7.0 

15 

240 

6.8 

7 

160 

6.2 

16 

250 

5.9 

8 

170 

6.6 

17 

260 

4.8 

9 

180 

7.7 

- - - - 

Equation  (13)  can  be  altered  to  accommodate  the  effect  of  the  co-distilhng 
constant-yield  oil.’*  Thus  if  2%  of  the  constant-yield  oil  distils  into  each 
fraction,  the  equation  becomes: 


II 


100  Zi  (1 

1  -  0.02f 


—  br'm/  ( 100  —  2  i)  \ 

(/  / 


(14) 
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Name 


TABLE  VIII 

Elimination  Temperatures  of  Anthraquinone  Dyes1' 


Formula 


Rel. 
elim. 
max.,  °C. 


Celanthrene 
Red  3B 


Dimethyldiamino- 

anthraquinone 


Diethyldiamino- 

anthraquinone 


Dimethylmonoace- 

tyldiaminoan- 

thraquinone 


Dipropyldiamino- 

anthraquinone 


Dibutyldiamino- 

anthraquinone 


Diamyldiamino- 

anthraquinone 


Dixylyldiamino- 

anthraquinone 


Quinizarin 

Green 


Anthraquinone 
Blue  Sky 


CO  OH 


NHCiHi 

\/\ 


CO  NHCHj 


/V 

NHCiHs 


NHC4H9 


NHCiHu 


NH, 


141 

153 

158 

162 

171 

183 

210-215 

217 

183 
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Since  the  elimination  rate  will  depend  upon  the  particular  conditions  of  the 
distillation,  including  the  apparatus  employed,  it  is  desirable  to  employ  a 
standard  material  and  correlate  the  elimination  maximum  of  the  material 
being  investigated  to  the  elimination  maximum  of  the  standard  material. 


Phis  will  give  a  relative  figure  of,  for  example,  10»C.  above -the  s  am  laid 
naterial,  rather  than  an  absolute  figure  dependent  upon  the '  j^latro 
editions.  These  standard  materials,  or  pilots,  are  su.tably  ^fie 
Ives  because  of  the  ease  of  measuring  concentrations  by  colorimetn 
neans.  A  group  of  pilots  useful  in  the  elimination  ^"^nd 
he  homologous  series  of  anthraqumone  dyes  examined  by  Hickman 
Wed  in  Table  VIII  The  elimination  temperatures  shown  in  the  table 
dete™^ u ring  a  10°C.  temperature  interval  and  the  procedure  de- 

icribed  below. 
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Before  describing  a  typical  elimination  distillation  in  detail,  the  use  of  a 
nondistilling  carrier  oil  should  be  mentioned.  Since  the  volume  of  distil- 
land  diminishes  with  each  cycle,  it  is  necessary  to  adjust  the  feed  rate  to 
maintain  a  constant  time  interval.  In  order  to  minimize  the  necessary 
decrease  in  feed  rates,  the  constant-yield  oil  should  be  diluted  \\  ith  an  equal 
volume  of  a  nondistilling  oil  thereby  reducing  the  change  in  feed  rate  by 
half.  Suitable  nondistilling  carrier  oils  are  obtained  as  residues  from  strip¬ 
ping  petroleum  lubricating  oils,  soybean  oil,  castor  oil,  or  cottonseed  oil 
at  230°C. 


Fig.  10.  Typical  experimental  elimination  curve  for  di- 
ethyldiaminoanthraquinone.37  See  page  525. 


To  illustrate  the  elimination  distillation  process,  let  it  be  assumed  that 
the  elimination  curve  for  diethyldiaminoanthraquinone  is  desired.  For  the 
purposes  of  the  example,  a  falling-film  still  as  illustrated  in  Figure  9  will  be 
used.  The  method  in  accordance  with  the  procedure  detailed  by  Hick¬ 
man3'  employs  a  10°C.  temperature  interval  over  the  temperature  range 

T,  °.?f  A  SOlUti0n  iS|,repared  2  mg.  of  the  dye 

ea<  '  of  constant-yield  oil  of  the  proper  temperature  range  and 
ondistillmg  carrier  oil  The  solution  is  charged  into  reservoir  A  of  the 
•  till  of  Figure  9  through  tunnel  I  while  the  still  is  under  vacuum  of  the  fore¬ 
pump  alone.  The  distilland  is  recycled  at  least  twice  over  evaporator  C 
from  reservoir  B  and  back  to  reservoir  A  by  means  of  magnetic  pump  D 

si  T' es, are  f  P"ated  l)y  use  of  bal1  valve  E.  Final  and  complete  degas- 
■  g  IS  hastened  by  the  application  of  preheat  at  F  and  heat  on  the  evaporator 

C.  During  the  last  stage  of  the  degassing  period,  the  vacuum  is  reduced  to 
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1  M  by  means  of  the  auxiliary  oil  diffusion  pumps.  The  feed  rate  over  the 
evaporator  is  then  adjusted  so  that  the  magnetic  pump  empties  the  entire 
bulk  of  the  distilland  now  contained  in  reservoir  B  in  exactly  9  minutes. 
The  heat  to  the  evaporator  is  increased  until  thermometer  G  registers 
100°C.  and  maintains  that  temperature.  The  ball  valve,  E,  is  closed  and 


Fig.  11.  Distillation  curves  of  vitamin  A-bearing  oils.41  See  page  526. 


Fig.  12.  Distillation  of  partially  saponified  cod-liver  oil.41 


stopcock  H  to  the  distillate  receiver  is  simultaneously  opened.  The  fit st 
fraction  is  now  being  collected.  In  9  minutes,  the  oil  has  all  Pa^d  fr0 
reservoir  B  over  evaporator  C  and  into  reservoir  A.  As  the  last  of  dis 
ilknd  is  being  pumped  out  of  reservoir  B,  ball  valve  E  is  opened  and  the 
distilland  residue  flows  into  reservoir  B  again.  Distillate  is  collected  for 
“  longer  during  which  time  the  distilland  in  " iHhe t 
placed.  At  the  end  of  the  tenth  minute,  collection  of  d'«tl'la4®in 
ceiver  is  stopped  by  closing  stopcock  H,  and  subsequent  distillate  u. 
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turned  to  the  still.  The  voltage  to  the  evaporator  heater  is  increased  to 
full  line  value  for  a  specific  number  of  seconds  and  then  returned  to  a  new 
value  required  to  maintain  the  evaporator  at  110  C.  These  conditions  of 
adjusting  voltage  are  desirably  predetermined  with  the  settings  loi  each 
step  tabulated  on  a  chart  for  ready  reference.  At  the  end  of  the  eleventh 
minute,  the  temperature  should  have  become  stable  at  110°C.  In  the  in¬ 
terim  of  the  last  minute,  the  sample  bottle  is  changed  and  the  magnetic 


lig.  13.  Fate  of  vitamin  A  compounds  during  ingestion  by  the  rat,.42 


pump  is  adjusted  to  the  new  feed  rate  necessary  to  circulate  the  remaining 
bulk  of  distilland  in  9  minutes.  The  distillation  procedure  detailed  above 
is  repeated  and  the  second  distillate  fraction  is  collected.  This  procedure  is 
repeated  for  each  10°  interval  up  to  200°C.  and  1 1  fractions  are  obtained. 
At  the  end  of  the  distillation  the  fractions  are  assayed  for  their  dye  concen¬ 
tration  and  the  elimination  curve  is  plotted.  A  typical  experimental 
lmination  curve  for  diethyldiaminoanthraquinone  is  shown  on  p.  523. 
he  elimination  distillation  process  is  useful  for  identifying  a  substance 
b>  determining  its  elimination  maximum  and  comparing  it  to  the  known 
ahie.  lor  example,  early  observations"  indicated  that  vitamin  A  existed 
m  marine  oils  as  an  ester.  Because  both  the  free  vitamin  A  alcohol  amHhe 


40  Bacharach  and  Smith,  Quart.  J.  Pharm.,  1,  539  (1928). 
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vitamin  A  esters  responded  to  the  same  identifying  test,  analysis  was  dif¬ 
ficult.  By  analytical  distillation,  Hickman41  was  able  to  show  that  vita¬ 
min  A  occurred  principally  in  the  ester  form  in  both  cod-  and  halibut-liver 
oils.  1  he  curves  resulting  from  distillation  of  the  original  oils  are  shown 
in  Figure  11.  The  curve  obtained  by  distilling  another  sample  of  the 
original  oil  to  which  had  been  added  a  quantity  of  vitamin  A  alcohol  is 
shown  in  Figure  12.  An  analytical-distillation  study  of  the  metabolism  of 
vitamin  A  in  experimental  rats  was  made  by  Gray  et  alA 2  Their  curves 
are  shown  in  Figure  13. 

A  modification  of  the  elimination-curve  determination  was  reported  by 
Fletcher  et  al .43  using  the  temperature  at  which  50%  of  the  experimental 
substance  is  eliminated  (elimination  temperature  50).  By  this  method, 
the  elimination  curves  consist  of  a  plot  of  cumulative  per  cent  against  dis¬ 
tillation  temperatures.  Distillation  data  employing  this  modified  method 
for  the  distillation  of  cholesterol  caproate  are  shown  in  Table  IX. 


TABLE  IX 


Cholesterol  Caproate  III  Elimination  Maximum  Data43 


Total  dye,  5.0  ml.  of  300  milligram  per  cent  solution.  Total  sterol,  300  mg. 

Temp., 

°C 

Sample 

weight, 

mg. 

Sterol. 

mg. 

Dye, 

ml. 

Total 

sterol, 

% 

Cum. 

sterol, 

% 

Sterol, 

probits 

130 

4.53 

0.9 

0.016 

0.3 

0.3 

2.2 

140 

4.25 

3.3 

0.036 

1.1 

1.4 

2.8 

150 

4.45 

7.6 

0.110 

2.5 

3.9 

3.2 

160 

3.32 

15.3 

0.342 

5.0 

8.9 

3.6 

170 

3.29 

30.0 

0.415 

9.8 

18.7 

4.1 

180 

3.35 

48.1 

0.659 

15.7 

34.4 

4.6 

190 

3.39 

60.8 

0.822 

19.9 

54.3 

5. 1 

200 

3.37 

61.6 

0.876 

20.1 

74.4 

5.6 

210 

3  27 

44.5 

0.763 

14.5 

88.9 

6.2 

220 

3.26 

24.7 

0.516 

8.1 

97.0 

6.9 

230 

3.11 

9.5 

0.249 

3.1 

100. 1 

8.7 

A  procedure  almost  identical  with  the  elimination-curve  technique  and 
employed  to  enhance  the  separation  of  two  adjacently  boiling  constituents 
is  the  method  of  “amplified  distillation”44  in  which  a  carrier  is  provided  to 
minimize  holdup  of  distillate  and  the  resultant  mixing  of  adjacent  fractions 
The  results  obtained  by  Weitkamp44  in  the  amplified  distillation  of  methyl 

41  Hickman,  Ind.  Eng.  Chem.,  29,  1 107  (1037). 

42  Gray,  Hickman,  and  Brown, J.  Nutrition,  19,  39  (1940) 

43  Fletcher,  Insalaco,  Cobler,  and  Hodge,  Anal.  Chem.,  20,  .143  (1.148). 

44  Weitkamp,  J.  Am.  Oil  Chemists'  Soc.,  34,  236  (1947). 
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esters  of  cottonseed  fatty  acids  are  shown  in  Figure  14. 
represents  the  course  ol  distillation  ot  the  caniei  oil, 
of  the  carrier  oil-ester  mixture. 


The  broken  curve 
the  solid  line  that 
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Fig.  14.  Amplified  distillation  of  cottonseed  methyl  esters.44 


IV.  STILL  DESIGNS  FOR  LABORATORY  USE 

A  briel  discussion  of  still  designs  will  serve  to  acquaint  the  chemist  with 
the  various  apparatus  employed  in  high-vacuum  distillation.  This  section 
is  devoted  to  the  still  itself.  The  characteristics  of  the  pumping  systems 
and  pressure  gages  are  described  in  Section  2. 

1.  High- Vacuum  Pot  Stills 

A.  CONCENTRIC-TUBE  TYPES 

These  are  the  simplest  of  all  pot  stills  and  many  variations  have  been 
pioposed.  rwo  useful  types  which  are  commercially  available45  have  al¬ 
ready  been  discussed  in  some  detail  and  are  shown  in  Figure  2. 

ter“  frS  T«?  VaCUUm  DM,,atim-  Distillation  Products  Industries,  Roches- 
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B.  HICKMAN  TYPE 

Improvements  in  the  pot  stills  have  been  directed  to  facilitating  con¬ 
tinuous  withdrawal  of  distillate.  Several  variations  similar  to  those  pro¬ 
posed  by  Hickman  and  Sanford46  are  shown  in  Figure  15.  These  one- 
piece  all-glass  stills  have  withdrawal  tubes  which  emerge  sideways  (Fig. 
15 A)  or  downward  (Fig.  15B)  from  the  still.  The  design  in  Figure  15B 


has  a  supporting  strut  from  bottom  to  top  to  prevent  implosion  of  the 
concave  condenser  surface,  a  necessary  precaution  as  the  diameter  ot  t  e 
still  becomes  large.  The  distillate  collects  on  the  top  and  runs  down  the 
strut  to  the  outflow  tube.  A  variation  in  design  consisting  oi  separate 
boiler  and  condenser  is  shown  in  Figure  15C.  The  distillate  can  either  be 
frozen  or  collected  in  sample  bottles  by  means  of  the  withdrawal  tube  a 
stopcock  arrangement  shown.  The  vacuum  stopcoc  '  siown 

4«  Hickman  and  Sanford,  J.  Phys.  Chart.,  34,  037  (1930). 
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15C  permits  the  removal  of  any  number  of  fractions.  Its  construction 
permits  the  passage  of  distillate  through  the  plug  and  into  the  receiver 
when  in  one  position,  and,  when  turned  180°,  a  vertical  groove  in  the  plug 
returns  the  distillate  to  the  boiler.  At  intermediate  positions,  the  distillate 
collects  in  the  withdrawal  tube. 


C.  MATCHETT  AND  LEVINE  TYPE 

A  small  still  suitable  for  collection  of  two  fractions  has  been  described 
by  Matchett  and  Levine.47  This  still,  shown  in  Figure  16,  is  suitable  for 
samples  ranging  from  0.25  to  5  g.  of  distilland.  For  operation,  the  still, 


Fig.  16.  Matchett  and  Levine  molecular  pot  still.47 


held  in  level  position,  is  charged  through  tube  H.  The  still  pot  C  is  formed 
by  two  transverse  creases,  D,  in  the  outer  tube,  A,  with  the  inner  tube,  B, 
acting  as  condenser.  With  the  cap  replaced,  vacuum  is  gently  applied 
and  the  pot,  C,  is  heated  slightly  to  effect  degassing.  When  the  distillation 
vacuum  is  established,  the  still  is  tilted  toward  one  end  and  heating  is  in¬ 
creased  until  distillation  begins.  The  distillate  collects  on  the  condenser 
tube,  B,  which  is  air  or  water  cooled,  and  drains  to  the  prod,  G,  whence  it 
drops  off  into  receiver  F.  After  one  fraction  has  been  collected,  the  still 
is  tipped  toward  the  other  end  and  a  second  fraction  is  collected  in  the 
same  manner.  The  distillates  are  thus  obtained  quantitatively  since  trans¬ 
fer  losses  are  avoided  by  collecting  the  fractions  in  separate  condensers. 


D.  RIEGEL,  BEISWANGER,  AND  LANZL  TYPE 

Modifications  of  the  cold-finger  still  have  been  described  by  Riegel  et  al  48 
and  are  shown  in  Figure  17. 

is  and  Levine’ Ind •  En9-  Chem.,  Anal.  Ed.,  15,  296  (1943) 

Riegel,  Beiswanger,  and  Lanzl,  Ind.  Eng.  Chem.,  Anal,  Ed.,  15,  417  (1943). 
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Fig.  17.  Biegel,  Beiswanger,  and  Lanzl  pot  stills  18 


Fig.  18.  Carothers  and  Hill  pot  still" 


Fig.  19.  Strain  and  Allen  pot  still.6' 
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E.  CAROTHERS  TYPE 

Another  general  type  of  pot  still  which  has  evolved  in  several  modifica¬ 
tions  is  designed  for  convenience  in  accessibility  ol  both  distillate  and  disti  - 
land.  One  such  still  type  credited  to  Carothers  and  Hill49  is  shown  in  Fig¬ 
ure  18.  It  consists  of  an  outer  shell,  A,  made  from  two  domes  of  lyiex 
distillation  apparatus,  a  condenser,  B,  and  a  distilling  pan,  E,  and  heater, 
D.  supported  by  glass  support  C.  The  heater  and  pan  are  contained  in  an 
outer  copper  pan,  as  shown;  the  heater  is  connected  to  leads  F  brought  up 
through  support  C.  Carothers  employed  this  still  for  studies  of  the  poly¬ 
merization  of  the  trimethylene  ester  ol  hexadecamethylenedicai  boxylic 
acid50  and  many  other  similar  reactions.51  The  still  can  be  used  lor  distilla¬ 
tions  of  any  type  involving  separations,  concentrations,  or  stripping  ol 
volatile  constituents. 


F.  STRAIN  AND  ALLEN  MODIFICATION 

A  modification  of  Carothers’  still  was  designed  by  Strain  and  Allen52;  in 
this  still  the  temperature  of  distillation  is  readily  controlled.  This  still, 
shown  in  Figure  19,  was  used  by  Strain  and  Allen  for  the  purification  of  the 
hormone  progestin. 


G.  GOULD,  HOLZMAN,  AND  NIEMANN  DESIGN 


To  effect  efficient  transfer  of  distillate  from  condenser  to  receiver  in 
centigram  or  decigram  quantity  distillation,  Gould  et  al. 53  devised  a  micro 
pot  still  utilizing  a  unique  receiver.  The  still,  shown  diagrammatically  in 
figure  20,  consists  ol  a  boiler,  A,  and  a  cold-finger  condenser,  B.  A  flange, 
C,  on  condenser  B  acts  as  a  collecting  tip  in  incipient  contact  with  a  capil¬ 
lary  tube,  E,  communicating  with  receiver  D.  The  details  of  the  con¬ 


denser-receiver  system54  are  shown  in  Figure  20b.  Using  this  still,  Gould 
d  al.  distilled  butyl  phthalate,  under  vacuum  and  at  temperatures  below 
50° C.,  at  a  rate  ol  20  jul.  per  minute. 


49  Carothers  and  Hill,  J.  Am.  Chem.  Soc.,  54,  1557  (1932). 

J°  Carothers  and  Hill, ./.  Am.  Chem.  Soc.,  54,  1559  (1932). 

51  Mark  and  Whitby,  eds.,  Collective  Papers  of  Wallace  Hume  Carothers  on  High  Poly¬ 
meric  Substances.  Interscience,  New  York,  1940. 

62  Strain  and  Allen,  Ind.  Eng.  Chem.,  Anal.  Ed.,  7,  443  (1935). 

< lould,  Holzman,  and  Niemann,  Anal.  Chem.,  20,  361  (1948). 

54  The  fabrication  of  the  condenser-receiver  system  illustrated  is  difficult  though  one 
“rer  (ACe  °'aSS-  Vta*nd,  New  Jersey)  has  made  k  numter  of 
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Fig.  20.  Gould,  Holzman,  and  Niemann  micro  pot  still.53’64 


H.  ALMQUIST  DIFFUSION  TYPE 

A  diffusion-type  high-vacuum  still  as  shown  in  Figure  21  was  reported 
by  Almquist55  and  used  for  the  purification  of  vitamin  K.  The  still  is  de¬ 
signed  to  effect  fractional  condensation  of  distilling  vapors  and  consists 


Fig.  21.  Almquist  tubular  still.55 

essentially  of  a  tube  divided  into  three  compartments,  each  compartment 
being  separately  heated  whereby  a  temperature  gradient  exists  between  ad¬ 
jacent  compartments. 


2.  Falling-Film  Stills 

The  falling-film  still  consists  of  a  heated  vertical  tubular  evaporator, 
over  which  distilland  is  allowed  to  flow  by  gravity.  In  so  doing,  the  dis- 
tilland  spreads  over  the  entire  surface  in  a  thin  film  which  is  usually  0.1 

66  Almquist,  J.  Biol.  Chem.,  120,  635  (1937). 
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Fig.  22.  Falling-film  still  distributors.  See  page  534. 
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to  1.0  mm.  thick,  depending  upon  the  feed  rate  and  viscosity  of  the  distil- 
land.  The  evaporator  is  surrounded  by  a  condenser  tube  concentric  with 
the  evaporator  and  separated  from  the  evaporator  by  generally  unob¬ 
structed  space  which  is  continually  exhausted  to  a  pressure  of  about  1  m 


Fig.  24.  Falling-film  molecular  still.’"*  See  page  530. 

of  mercury.  Distilland  is  stored  in  a  reservoir  from  which  it  is  pumped  by 
Ol  11'CILU  J  frrrlioh56  Ol"  Hl’OOVe  WUlCll  SU1 

means  of  a  small  displacemen  Pu  P  trough  (Fig.  22A)  contains 

rounds  the  evaporator  colum^  |  j?  with  the  column  which  divide  the  dis- 
evenly  spaced  serrations  in  co  ■  circumference  of  the  evapora- 

SKSiS  “wire  gauZe  which  trans- 

Hickman,  Ind.  Eng.  Chem.,  29,  968  (1937). 
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forms  them  into  a  continuous  film.  In  a  modified  design  (Fig.  22B)  the 
incoming  distilland  travels  around  a  groove  and,  on  overflowing  the  groove, 
it  passes  through  the  fine  gauze  to  form  the  film. 


A.  HICKMAN  DESIGN 

An  early  cyclic  batch  falling-film  still  was  designed  by  Hickman.57-5* 
The  somewhat  modified  form  of  this  still  now  being  used  is  shown  diagram- 
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matically  in  Figure  23.  A  photograph  of  a  typical  still  which  is  com¬ 
mercially  available59, 60  is  shown  in  Figure  24. 

B.  QUACKENBUSH  AND  STEENBOCK  DESIGN 

A  modified  form  of  the  falling-film  still  was  described  by  Quackenbush 
and  Steenbock.61  It  has  the  evaporator  surrounding  the  condenser  to  pro- 


ter.',  Steenbock,  I*  Eng.  C*~.  ^  K.  >5,  408  (,943). 
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vide  a  large  evaporator  surface  and  a  relatively  smaller  surface  from  which 
condensate  must  drain.  Distilland  is  spread  over  the  evaporator  by  means 
of  glass  rods  which  are  made  to  scrape  over  the  evaporating  surface.  Other 
modifications  of  this  method  of  distributing  distilland  are  the  rotary  blades 
proposed  by  Hickman  and  Perry62  and  the  rolling  rods  suggested  by  Se- 
mon.63 

C.  DETWILER  AND  MARKLEY  DESIGN 

To  effect  satisfactory  distribution  and  flow  of  distilland  over  the  evapora¬ 
tor,  Detwiler  and  Markley64  used  a  tapered-sleeve  guide  to  conduct  the 
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distilland  over  the  mushroom-shaped  head  of  a  distilling  column.  The  en¬ 
tire  surface  of  the  column  has  a  roughened  coating  of  fragmented  glass 
fused  to  it  to  provide  innumerable  tortuous  channels  for  the  flow  of  dis¬ 
tilland. 

D.  TAYLOR  DESIGN 

Taylor68  utilized  the  principle  of  distilland  distribution  of  Detwiler  and 
Markley  in  constructing  the  still  shown  on  page  535.  In  this  still,  distil¬ 
land  is  pumped  into  an  inverted  cup  which  surrounds  the  upper  portion  of 
the  evaporator  but  does  not  touch  it.  The  annulus  between  the  cup  and 


Fig.  28.  Centrifugal  molecular  still.69 


6s  Taylor,  J.  Research  Natl.  Bur.  Standards,  37,  173  (1946). 
se  Breger,  Anal.  Chem.,  20,  980  (1948). 
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the  evaporator  is  narrow  enough  to  retain  oil  until  sufficient  head  is  built 
up  to  induce  flow.  Once  started,  the  distilland  continues  to  flow  uni¬ 
formly  down  the  surface  of  the  evaporator. 


E.  BREGER  DESIGN 

The  conventional  falling-film  stills  are  limited  to  macro-size  samples  be¬ 
cause  of  the  quantity  of  distilland  necessary  to  wet  the  surface  areas  of  the 
reservoirs,  feed  tubes,  and  pump.  Breger66  described  a  semimicro  falling- 
film  still  which  is  suitable  for  handling  samples  of  as  little  as  4  g.  This 
still  is  shown  on  page  536.  Recycling  is  accomplished  by  rotation  of  the 
still  about  the  exhausting  tubulation.  Both  ends  of  the  still  are  identical. 
The  material  to  be  distilled  is  charged  in  at  one  end  and  allowed  to  flow7 
over  the  evaporator  to  the  other  end.  After  withdrawal  of  the  distillate, 
the  still  is  turned  around  and  the  process  is  repeated. 


Is  !^ler’  Hlckman-  and  Perry,  Anal.  Chem.,  21,  638  (1949). 

69  r  ®kma"’  U-  S-  Pats-  2dl7,802  (May  17,  1938),  and  2,210,928  (Aug  13  19401 
ter,  N.  V.,  April,  1947  “"Motion.  Distillation  Products  Industries,  Roches- 

"  W "liner,  Matchett,  and  Levine,  !nd.  Eng.  Chem.,  Anal.  Ed.,  16,  529  (1944), 
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3.  Centrifugal  Stills 

A  small  centrifugal  still  has  been  described  previously  in  connection  with 
the  discussion  of  the  cyclic  distillation  of  orange  oil.  This  unit  is  shown 
diagrammatically  in  Figure  27  (p.  537);  for  a  detailed  description,  refer¬ 
ence  can  be  made  to  the  literature.67-68  A  somewhat  different  design  hav¬ 
ing  greater  capacity  has  been  described68-69  and  a  complete  unit  of  this  kind 
assembled  for  cyclic  batch  operation  is  shown  in  Figure  28  (p.  538). 

4.  Cascade  Fractionating  Stills 

The  cascade-type  stills  have  been  previously  referred  to  and  consist  of  a 
number  of  evaporator  cells  arranged  in  cascade  with  a  number  of  reversely 
sloped  condenser  stages  arranged  above  the  evaporator  cells  to  move  dis¬ 
tillate  countercurrent  to  the  flow  of  distilland  down  the  cascade.  The 
first  cascade  still,  credited  to  Wollner,  Matchett,  and  Levine,70  is  shown  in 
Figure  29.  A  more  elaborate  cascade  fractionator  has  been  designed  and 
reported  by  Brewer  and  Madorsky.71-72 


Part  2.  THE  VACUUM  SYSTEM 


I.  INTRODUCTION 


So  far  in  this  chapter,  attention  has  been  directed  to  the  design  and  appli¬ 
cation  of  high-vacuum  stills.  A  necessary  and  important  part  of  any  vac¬ 
uum  still  is  the  vacuum  system.  Under  this  heading  are  included  such  items 
as:  ( 1 )  high-vacuum  vapor  pumps,  and  mechanical  fore-pumps;  (2) 
gages;  (3)  vacuum  plumbing,  which  includes  interconnecting  tubes  and 
ducts,  valves,  gaskets,  stationary  and  rotating  seals,  etc.;  (4)  cold  traps 
and  baffles;  and  ( 5 )  accessories,  which  include  leak  detectors,  sealants, 

etc. 

To  understand  the  working  of  a  vacuum  system,  it  is  desirable  to  know 
the  specific  function  of  the  various  components,  to  have  a  knowledge  of 
their  basic  design  features,  and  to  appreciate  the  general  principles  of  high- 
vacuum  production  and  practice.  It  sometimes  seems  anomalous  that,  as 
the  operating  pressure  gets  lower  and  lower,  larger-capacity  pumps  and 
larger  interconnecting  piping  must  be  used.  A  knowledge  of  the  denva 
tion,  application,  and  limitations  of  gas-flow  formulas  at  reduced  pressures 

is  helpful  in  understanding  this  problem.  ^viliaries 

In  assembling  a  piece  of  distillation  equipment,  the  still  and  auxihane 

7i  Brewer  and  Madorsky,  J.  Research  Natl.  Bur Stamfords,  38,  129  (1947). 

v*  Brewer  and  Madorsky,  U.  S.  Pat.  2,446,997  (Aug.  17,  1948). 
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should  be  considered  as  a  vacuum-distillation  assembly  and  the  component 
parts  so  designed  and  so  sized  as  to  perform  adequately  the  job  in  hand.  It 
frequently  happens  that  a  skillfully  designed  vacuum  still  cannot  function 
properly  because  an  inadequately  designed  vacuum  system  limits  its  per¬ 
formance.  It  is  not  the  purpose  of  this  section  to  present  all  the  rules  for 
design  of  laboratory  vacuum  systems,  but  to  present  basic  fundamentals 
and  simplified  guides  which  may  be  helpful  to  the  chemist  who  wishes  to 
apply  molecular  or  high-vacuum  distillation  to  his  problems.  In  a  good 
many  cases  the  vacuum  system  is  larger  than  the  still  itself,  that  is,  laigei 
than  the  evaporator  and  condenser  portion  of  the  assembly.  I  his  is  ex¬ 
emplified  by  the  photographic  reproductions  in  Figures  24  and  28  (Part  1), 
and  schematically  in  Figure  50  (Sect.  IX).  It  is  evident  that  the  distilla¬ 
tion  portion  is  overshadowed  by  the  auxiliary  vacuum  equipment.  The 
reasons  for  this  seemingly  unbalanced  relationship  will  become  apparent  as 
the  chapter  progresses. 

II.  DEFINITIONS  OF  TERMS 

To  facilitate  the  discussion  which  follows  in  this  section,  a  brief  definition 
of  terms,  several  recurring  constants,  and  a  few  basic  formulas  commonly 
used  in  high-vacuum  distillation  practice  are  given. 

High-vacuum  distillations,  in  general,  are  conducted  in  the  0.1  to  1000  n 
region,  while  molecular  distillations,  in  particular,  are  usually  conducted  in 
the  0.1  (0.0001  mm.)  to  10  u  (0.01  mm.)  of  mercury  range.  The  micron, 
of  mercury  is  the  unit  of  pressure  (not  vacuum)  which  corresponds  to  a  mer¬ 
cury  column  0.001  mm.  high  and  this  unit  has  been  widely  adopted  in  high- 
vacuum  discussions.  Pressures  in  microns  will  be  referred  to  as  and 
in  microbars  as  P Remembering  that  in  the  c.g.s.  system  the  unit  of 
pressure  is  1  microbar  (1  dyne  per  square  centimeter)  and  that  1  atmosphere 
is  the  pressure  exerted  by  a  column  of  mercury  76  cm.  high  at  0°C.,  the 
relationships  shown  in  Table  X  are  derived.  It  is  interesting  to  note  that 
in  German  literature  1  Tor,  or  Torr,  is  used  to  designate  1  mm.  mercury 
pressure.  Also,  engineers  frequently  use  as  their  standard  1  atmosphere  = 
29.921  in.  mercury  at  32°F.  =  14.696  lb.  per  square  inch. 


TABLE  X 
Pressure  Units 


Atm. 

Bar 

Pmm. 

p,» 

— 

1 

1.013 

1 

760 

750.00 

1 

0.001 

760,000 

1,000 

1 

0.75 

1  013  X  106 

1  X  106 
1333 

1.333 

1 
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In  dealing  gas  flow  at  reduced  pressures,  the  rate  of  flow  is  usually 
expressed  in  one  of  two  ways: 

CO  Volume  per  unit  time ,  measured  at  the  pressure  at  which  the  volume  is  de¬ 
termined.  Common  units  are  liters  per  second,  or  cubic  centimeters  per  second. 
4  he  letter  F  will  be  used  to  designate  flow  through  tubing,  and  S  for  pumping  speeds. 

(2)  Pressure-volume  per  unit  time,  reduced  to  a  selected  standard  unit  pressure. 
Common  units  are  micron  liters  per  second;  that  is,  the  volume  of  gas  flowing  if  the 
pressure  were  1  p.  The  letter  Q  will  be  used  to  express  the  quantity  of  gas  flow. 

The  liter  micron  flow,  Q ,  is  constant  throughout  any  chosen  system  while 
the  liters  per  second,  S,  vary  according  to  the  pressure.  This  may  be 
made  clearer  by  thinking  of  micron  liters  as  a  mass  which  is  independent  of 
pressure,  whereas  volumetric  flow  in  liters  (per  second)  is  a  function  of  pres¬ 
sure.  The  volumetric  rate  of  flow  in  liters  per  second  is  obviously  related 
to  micron  liters  per  second  as  follows: 


S  =  Q/P„ 


Large  commercial  vacuum  installations  frequently  use  pounds  per  hour 
to  represent  gas  flow.  The  large  volumes  that  must  be  pumped  to  handle 
a  relatively  small  mass  are  evident  from  the  relation  for  air  at  25°C.,  where 
1  lb.  per  hour  is  approximately  80,000  micron  liters  per  second. 

Two  useful  expressions  in  dealing  with  gas  flows  at  reduced  pressures  are 
conductance  and  resistance.  Conductance  is  the  rate  ol  flow  per  unit  dif¬ 
ference  of  pressure  which  we  shall  designate  as: 

F  =  Q/(P2  -  Pi)  (1) 

and  1/P  the  resistance.  The  analogy  follows  from  the  electrical  pattern  of 
Ohm’s  law  when  P  is  compared  to  potential  E,  and  Q  to  the  current  /: 


E  =  IR  P  =  Qifl/F) 

As  in  electrical  circuits,  tubes  in  series  have  a  total  resistance,  P,  calculated 


as  follows: 


R  =  Rx  +  R-2  + 


1 

P 


Pi  P2 


(2) 


while  tubes  in  parallel 
ductances  added: 


have  the  reciprocals  of  the  resistances,  or  the  con- 


R  Pi  +  P2  +  '  ' 


F  =  Fi  +  Ft  +  . . . 


(S) 
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The  application  of  this  concept  will  become  more  evident  in  the  discussion 
of  complete  systems  and  in  speed  calculations  in  the  molecular-flow  region. 

The  actual  speed  of  exhaust  of  a  vacuum  chamber  connected  to  a  pump 
depends  on  the  resistance  to  flow  of  gases  through  connecting  tubes  as  well 
as  on  the  speed  of  the  pump.  It  can  be  shown  that,  if  the  speed  of  the 
pump  is  SP,  the  term  1  /SP  can  be  regarded  as  a  resistance;  and  for  any 
system  having  a  resistance  of  1  /F  up  to  the  pump,  the  combined  effect  is: 


S  SP  F 


(4) 


where  S  is  the  speed  of  the  system.  This  can  be  rewritten  as: 


SrF 


S  =  — - 
SP  +  F 


The  “rule  of  thumb”  to  make  high-vacuum  connecting  tubes  as  wide  and 
short  as  possible  can  be  clearly  grasped  by  examining  the  above  relation¬ 
ship.  The  effect  of  the  resistance  of  connecting  tubing  in  throttling  the 
speed  of  exhaust  is  shown  in  Table  XI.  Values  of  F  as  multiples  of  SP  are 
given  and  values  of  S,  the  effective  exhaust  speed,  as  a  fraction  of  the  pump 
speed  SP. 


TABLE  XI 

Effect  of  Tubing  Resistance  on  Speed  of  Exhaust 


F/SP 

s/sp 

F/SP 

s/sp 

1 . 

•  •  •  Va 

8 . 

■  79 

2 . 

•  7a 

16 . 

•  16/l7 

4 . 

...  v* 

When  the  connecting  tubing  has  a  speed  equal  to  that  of  the  pump  the 
resultant  speed  of  exhaust  of  the  vacuum  chamber  is  half  the  pump  speed. 
Even  when  the  connecting  tubing  has  a  speed  9  times  the  pump  speed,  a 
i eduction  ol  10%  of  the  effective  vapor  pump  capacity  results.  And  as  a 
corollary  to  the  above,  very  little  is  gained  in  exhaust  speed  by  increasing 
t  e  size  ol  the  vacuum  pump  if  F,  the  connecting  tubing  conductance,  is  not 
large  compared  to  SP,  the  speed  of  the  pump.  These  considerations  are  of 
great  importance  in  arriving  at  an  efficient  pumping  system. 

The  basic  constants73  used  throughout  this  section  are  listed  below  for 
reference: 

cCT-  SCien>ifC  FmmdttUmu  0f  Vacu"m  TedmUue.  Wiley,  New  York,  1949, 
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P M 
P p* 

V 


n 


T 

Na 

Ro 

k 

M 

M  for  air 
m 

p 


_ pi 

y/  2xpi 


pressure  in  microns 
pressure  in  microbars 
viscosity  in  poises 

1.845  X  10-4  poise  (c.g.s.  units)  for  air  at  25 °C.  (5) 

the  number  of  molecules  per  cubic  centimeter 

P/kt  =  9.656  X  1015  (PJT)  (6) 

2.687  X  1019  at  0°C.  and  760  mm.  —  Loschmidt  number 

2.430  X  1 01 3  at  25 °C.  and  1  microbar 

3.240  X  10>»  at  25 °C.  and  1  p 

2.462  X  10'9  at  25 °C.  and  760  mm. 

degrees  absolute  or  degrees  Kelvin 

273  X  16  +  t  where  t  =  degrees  centigrade 

6.023  X  1023  mole-1,  Avogadro  number  (7) 

8.315  X  107  ergs  per  degree  Kelvin  per  gram  mole  (8) 

Ro/Na  =  1.381  X  10 16  ergs  per  degree  Kelvin  —  Boltzmann  constant  (9) 
molecular  weight 

28  98  (calculated  from  a  density  of  1.293  X  10-3  g.  per  cubic  centimeter 
at  0°C.  and  760  mm.) 

M /Na  =  1  -660  X  10-24  M  grams  —  the  mass  per  molecule  (10) 

mn  =  M/Vo  =  MP^/RoT,  the  density  at  P ^  (11) 

1 .604  X  10  “8  MP^/T,  g.  per  cubic  centimeter 
1 .560  X  10 -9  g.  per  cubic  centimeter  for  air  at  1  p  and  25  °C. 

1.170  X  10-9  g.  per  cubic  centimeter  for  air  at  1  pb  and  25  °C. 

8.580  X  10"5  (12) 


The  quantity  of  gas  or  vapor  striking  unit  area  in  unit  time: 

m  =  mass  =  5.833  X  10-5  P^y/M/T  g.  per  square  centimeter  per  second  (13) 
v  =  volume  =  3638 y/T/M  cm.3  per  square  centimeter  per  second  (14) 

y/T/M  =  3 . 207  for  air  at  25  °C. 


Molecular  diameters: 


8  =  molecular  diameter  in  centimeters 

52  =  2  714  X  10-21  \/MT/v  cm.2,  v  being  the  gas  or  vapor  viscosity  at  tem¬ 
perature  T 

or.  2=  1  329  X  10-8  (M/pY/3,  in  which  p  is  the  density  in  the  condensed  phase 

(liquid)  (16) 

Molecular  data  for  the  common  gases  are  given  in  Table  XII. 


TABLE  XII 

Molecular  Data  (25  °C.  and  1  p  Pressure)" 


Gas 

h2 

He 

o2 

Ns 

Air 

CO. 

h2o 

Hg 

X 

v  X 

5  X 
m  X 

Pin  X 

104 

108 

1023 

1010 

9.31 
0.892 
2.73 
0.335 
0  813 

14.72 

1.986 

2.17 

0.665 

1.615 

5.40 

2.059 

3.59 

5.31 

12.90 

4.96 

1.85 

3.74 

4.65 

11.30 

5.09 

1.845 

3.70 

4.81 

11.70 

3.30 
1.496 
4.56 

7.31 
17.75 

3.37 

0.964 

5.55 

2.99 

7.27 

2.66 

2.54 

5.15 

33  3 

°  x  is  mean  free  path  in  centimeters,  *?  ^  at  1  p- 

diameter,  m  is  mass  per  molecule,  p  density  in  grams  pc 
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HI.  GAS  FLOW  AT  REDUCED  PRESSURES 
1.  General  Discussion 


The  physicist  is  usually  better  acquainted  with  the  behavior  of  gases  at 
low  pressures  than  is  the  chemist.  The  fundamental  theory  and  mathema¬ 
tical  analysis  have  been  adequately  covered  in  the  literature.74  However, 
a  practical  interpretation  of  the  flow  formulas  is  useful  to  the  laboratory 
worker  who  is  primarily  concerned  in  assembling  apparatus  and  putting  it 
to  use  on  a  particular  distillation  problem.  Therefore,  certain  liberties 
have  been  taken  with  the  basic  facts  in  reducing  them  to  approximate 
working  formulas  which  are  sufficiently  accurate  for  vacuum-distillation 
applications. 

Gas  flow  through  channels  at  reduced  pressure  can  be  divided  into  three 
regions:  viscous,  molecular,  and  intermediate.  This  follows  from  the  fact 
that,  at  pressures  in  which  the  frequency  of  collision  between  molecules  is 
predominant,  the  coefficient  of  viscosity  as  introduced  in  the  Poiseuille 
law75  is  most  important,  whereas,  at  lower  pressures  in  which  the  frequency 
of  collision  between  molecules  is  less  frequent  than  that  of  molecules  against 
the  walls,  molecular  flow  as  defined  by  Knudsen76  results.  Since  the  type 
of  flow  changes  gradually  from  one  pressure  region  to  another,  there  is  the 
third,  intermediate  transitory  region  in  which  the  flow  is  partly  both.  In 
some  cases  where  only  a  rough  approximation  is  desired,  this  intermediate 
region  can  be  neglected. 

2.  Flow  at  Intermediate  Pressures.  A  General  Equation 

Knudsen77  endeavored  to  arrive  at  an  equation  which  would  cover  the 
three  flow  ranges— viscous,  intermediate,  and  molecular.  This  problem 
was  approached  empirically  and  from  a  series  of  measurements  Knudsen 
deduced  the  relation: 


cubic  centimeters  per 

second  (17) 


p.  290.  Taylor,  loc.  cit.,  p.  168. 

”  Knudsen,  Ann.  Physik,  28,  75  (1909). 
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in  which 


P 


M6 


=  the  average  pressure  in  microbars 


a  i  = 


7r  r4  xd4 

877  7  12877/ 

=  a  viscous-flow  factor 


(18) 


8  r 


OC-2 


4  d  A  4  d 

V  0 

3  l 


in  which 
and 


3  /  \/ 2xpi  3  /  \/ 2xpi 

=  a  molecular-flow  factor 


(19) 


r 


=  radius,  d  =  diameter,  and  l  =  length, 


Cx  = 


Co  = 


2  ryj  pi  r  d 

-  =  2.507  -  -  1.253  - 

V  Xi  A, 


2.47rv/1 


Pi 


r  d 

=  3.095  -  =  1.547  - 
X!  Xt 


(20) 


(21) 


where  Ai  is  the  mean  free  path  at  1  microbar. 

The  mean  free  path78  is  defined  as  the  average  distance  traversed  between 
successive  collisions  by  all  molecules  present.  Since  the  free  path  is  based 
on  the  concept  of  collisions,  and  since  the  frequency  of  collisions  depends 
on  velocity,  it  is  apparent  that  the  free  path  is  not  a  specific  value  but 
a  statistical  average  of  all  the  distances  traversed  for  any  given  set  of  con¬ 
ditions  and  types  of  molecules  present.  When  one  states  that  the  mean 
free  path  of  an  air  molecule  at  1  p.  and  25°C.  is  about  5.1  cm.,  it  is  meant 
that,  on  the  average,  air  molecules  in  the  presence  of  other  air  molecules 
will  travel  that  distance  between  collisions.  (There  is  of  course  no  such 
thing  as  an  air  molecule,  but  it  is  convenient  to  assume  such  exists.  The 
free  path  is  calculated  from  a  viscosity  value,  as  will  be  shown  later.) 
However,  some  may  travel  only  a  fraction  of  a  millimeter,  while  a  few  may 
escape  collision  for  many  meters.  In  Figure  30  the  relationship  is  shown 
between  the  mean  free  path  and  the  distance  traveled  between  successive 
collisions.  For  a  gas  in  which  the  molecules  are  all  of  the  same  species  the 
mean  free  path,79  X,  is  related  to  the  molecular  diameter  by: 

X  =  — 7= - centimeters  (22) 

V  2th82 

where  n  =  number  of  molecules  per  cubic  centimeter  =  P/kT 

=  9.656  X  10'5  l\/T  =  2.462  X  1019  at  25°C.  and  760  mm. 

and  8  =  molecular  diameter  in  centimeters. 

78  KennanUoc.  cit.,  pp.  101-102.  Loeb,  loc.  cit.,  Chap.  3. 

7.  Chapman  and  Cowling,  The  Mathematical  Theory  of  Non-uniform  Gases. 

bridge  Univ.  Press,  London,  1939,  Chap.  12,  p.  218. 
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Substituting  the  above  value  for  n  gives: 

2.33  X  IQ"17  T_  (23) 

52  /\ 

The  molecular  diameter  is  related  to  the  viscosity,  v,  by: 

52  =  2.714  X  10~21  y/MT/r,  square  centimeter 
in  which  M  =  molecular  weight  of  the  gas  or  vapor 
rj  =  viscosity  in  c.g.s.  units  (poises) 

T  =  absolute  temperature 

From  the  viscosity  the  values  of  8-  can  be  calculated  and  hence  the  values 
of  X,  as  given  in  Table  XII.  Assuming  air  contains  all  like  molecules,  the 


mean  free  path  is  5.09  centimeters.  Since  the  mean  free  path  is  inversely 
proportional  to  the  pressure  for  air  nt  9^°ri  on  1  *  ' 

mean  free  path:  '  and  at  any  pressure<  the 
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x  5.09 

X  =  —  centimeters  (24) 

P  m 

Formulas  for  free  paths  of  molecules  in  the  presence  of  unlike  molecules 
have  been  derived80  and  serve  their  purpose  but  are  usually  not  needed  for 
the  day-to-day  practical  calculations  of  vacuum-distillation  systems.  In 
dealing  with  large  nonspherical  molecules,  mean  free  paths  calculated  from 
equations  (22)  or  (23)  are  likely  to  be  in  error.  There  is  some  indication 
that  large  nonspherical  oil  molecules,  such  as  amyl  phthalate,  amyl  seba- 
cate,  and  2-ethylhexyl  phthalate,  have  “undeflected  mean  free  paths”  sev¬ 
eral  times  longer  than  those  calculated  by  classical  theory.81  Also,  in  dis¬ 
tillation  operations  the  effect  of  temperature  on  the  mean  free  path  may  be¬ 
come  significant.  A  few  values  calculated  for  air  from  equation  (23)  are 
shown  in  Table  XIII  and  indicate  the  magnitude  of  the  temperature  effect 

TABLE  XIII 
X  vs.  t° 

1 1  °C .  0  25  50  100  150  200  250  300 

X .  4.7  5.1  5.5  6.4  7.2  8.1  8.9  9.8 


at  a  constant  pressure  of  1  p.  The  molecular  diameter  has  been  assumed 
constant;  however,  for  large  temperature  ranges82  account  must  be  taken 
of  the  increase  in  the  value  of  52  with  T.  The  conversion  from  viscosity, 
tj,  to  mean  free  path  at  1  microbar,  Xi,  results  from  the  relationship  17  = 
0.5piva\h  and  va  =  4/\/2rpi,  the  average  molecular  velocity.  Then: 

2piXi  _  2\/ pxXi 
a/  27TPi  \^2tt 


Since  P  microbars  =  4/3P  microns,  and  Xi  at  1  microbar  -  4/3  X  atl  p  : 

I\bd  P  =  Pd 
\fib  Xm  X 

in  which  P  without  a  suffix  signifies  pressure  in  microns  and  X  the  mean  free 
path  at  1  p.  Therefore  the  factor . 

1  +  C.Pfit  _  1  +  1.253(Pd/X)  (25) 

Z  =  m^P,b  ~  1  +  1-547 (Pd/\) 


so  Loeb,  Kinetic  Theory  of  Gases,  2nd  ed.,  McGraw-Hill,  New  York  1934, ^>7. 
Dushman,  Scientific  Foundations  of  Vacuum  Technique  W  dey,  Ne»  X  o  ,  .  > 

si  Jacobs  and  Kapff,  Jnd.  Eng.  Chem.,  40,  842  (1948). 

••Chapman  and  Cowling,  The  Mathematical  Theory  of  Non-amform  Gases.  ■ 
bridge  Univ.  Press,  London,  1939,  p.  241. 


VI.  DISTILLATION  UNDER  HIGH  VACUUM 


549 


in  which  cl  is  in  centimeters.  It  is  to  be  noted  that  Z  is  the  same  w  hether 
P  and  X  are  expressed  in  units  of  microns  or  microbars  as  long  as  consistent 
units  are  employed.  For  air  at  25°C.: 


1  +  0.2461 Pd 
1  +  0.3040Pd 


(26) 


Converting  the  first  term  in  equation  (20)  from  microbars  to  microns, 
and  substituting  the  value  of  Z,  as  defined  above: 

F  =  y3  ol\P  +  oL'iZ  cubic  centimeters  per  second  (27) 


where  P  is  in  microns.  For  air  at  25°C.,  I  and  d  in  centimeters,  and  pres¬ 
sure  P  in  microns: 


di  d 3 

F  =  0.177  -  P  +  12.2  -jZ 

L  L 


(28) 


=  12.2  —  (0.0145Pd  +  Z)  liters  per  second  (29) 

It  is  readily  seen  that  for  small  values  of  P  the  first  term  vanishes,  Z  ap¬ 
proaches  unity,  and  F  becomes  equal  to  molecular  flow  for  long  cylindrical 
tubes  (equation  36).  Also,  as  P  becomes  large,  Z  approaches  0.81  as  the 
limit,  and  the  flow  reduces  to  viscous  flow  and  becomes  practically  equal 
to  equation  (55).  A  discussion  of  molecular  flow  and  viscous  flow  will 
follow  in  this  section. 

In  Table  XIV  are  given  the  values  of  Z  and  of  0.0145Pd  for  various 
\  alues  of  Pd.  For  all  values  of  Pd  above  1000  a  constant  value  for  Z  of 
0.81  can  be  used,  and  for  all  values  of  Pd  below  0.01  a  value  of  1  can  be 
used.  The  chart  in  Figure  31  relates  Pd,  Z,  and  0.0145Pd.  For  any  given 
value  of  Pd,  and  at  right  angles  to  the  vertical  Pd  scale,  both  Z  and  0.0145- 
Pd  can  be  read  on  a  horizontal  line  and  can  be  substituted  in  the  appro¬ 
priate  formula  at  the  right  of  the  chart  to  arrive  at  the  conductance  of  the 


TABLE  XIV 


Values  of  Z  as  a  Function  of  Pd 


Pd  z 


10* . 

103 . 

102 . 

10 . 

1 . 

0.5 . 

Pd 

z 

0  2 . 

0.1 . 

0  05. . . . 

0.02. . . 

0  01  .  .  . 

0.005. . . . 
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tube  in  question.  It  is  apparent  both  from  equation  (29)  and  from  Fig¬ 
ure  31  that  for  values  of  Pd  greater  than  1000  the  flow  is  about  95%  vis¬ 
cous,  and  for  values  of  Pd  less  than  2  the  flow  is  over  95%  molecular. 
These  two  points  have  been  selected  as  arbitrary  values  for  separating  the 
zones  of  gas  flow,  remembering  that  the  numerical  coefficients  are  for  air 
at  25°C.  Knudsen  suggested  that  d/\  equal  to  or  less  than  0.4  be  used  to 


viscous 
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1- 

< 

o 


cr 

LU 
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80  J; 

604! 
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Fig.  31.  Chart  relating  Pd,  Z,  0.0145 Pd. 

define  molecular  flow.  This  gives  the  value  of  Pd  equal  to  or  less  than  2 

which  has  been  adopted  in  this  section. 

As  an  illustration  of  the  application  of  equation  29)  and  Figure  31,  a 
sume  a  tube  2  cm.  in  diameter,  50  cm.  long,  with  air  flowing  though  t  a 
9,op  _t  10  u  nressure.  What  is  the  conductance  of  the  tube.  Pd  20 
selected 'on^plZe  and  Z  and  0.0145  P,l  ace  read  on  the  Fd  =  20  hen- 

zontal  line. 
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Pel  Z 

20  0.84 


0.014  5Pd  (0.014  5Pcl  +  Z) 

0.29  1.13 


The  flow  is  in  the  intermediate  zone,  and  using  the  formula  indicated: 

d 3 

F  =  12.2^  (1.13)  =  2 . 2  liters  per  second 
l 


Equation  (29)  and  relations  derived  therefrom  give  the  conductance  of 
the  cylindrical  tube  itself  and  take  no  account  of  end  effects.  As  a  strict 
interpretation,  an  end  correction  should  be  made  when  l  is  less  than  50 d. 
Such  corrections  are  more  significant  in  the  molecular-flow  region  where 
ordinarily  the  tubes  are  made  as  wide  and  short  as  possible. 


3.  Free  Molecular  Flow 


A.  THE  FACTOR  W 

The  expression  “molecular  flow”  was  suggested  by  Knudsen.83  As  the 
pressure  is  progressively  reduced,  a  point  is  reached  at  which  the  average 
distance  a  molecule  travels  is  comparable  to  the  dimensions  of  the  vessel. 
The  rate  of  flow  is  then  governed  primarily  by  the  effect  of  the  collision 
against  the  walls  and  not  by  intermolecular  collisions  which  determine  the 
viscosity.  An  analysis  of  the  latter  problem  has  been  made  by  several 
workers.83-86  Applying  the  Maxwell-Bolt zmann  distribution  law,87  Knud¬ 
sen  derived  the  relation : 


or: 


Q  = 


F  = 


P  i 


wvVi 


Q 


Pi  -  P i  W\/ 


pi 


(30) 


'V  ereP 1S 111  m,crobars>  p  1  equals  density  at  1  microbar,  and  lb  is  a  constant 
ependmg  on  the  form  and  dimensions  of  the  tube  only.  If  v/'o,  can  be 
considered  as  a  resistance  since  it  is  equal  to  1/F.  The  value  of  W  can  be 

len  twed/°r  tUbCS  °r  d"CtS  °f  most  cross  actions.  For  a  long  tube  of 

Ann  m  835  ( I860).  Brillouin,  Letmu  sur  fa  VfaJw.  ltis  tw 
Gaede,  Ann.  Physik,  41,  289,  337  (1913).  ’  * 

86  Clausing,  Ann.  Physik,  12,  961  (1932) 

503”“’  ^  ^  19'  22  (,860,•  «  Wis,  Wien..  74, 
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(31) 


For  a  duct  of  uniform  cross  section,  that  is,  one  in  which  H  and  A  are  not 
functions  of  the  length,  the  value  of  W  becomes: 


.  3V27r  HI 

16  A2 


Therefore: 


16  A_  A  _  16  A^ 

3  HI  V2wi  ~  3  HI0 


(33) 


The  term  A/y/ 2rpx  has  been  factorized  separately  since  it  will  be  found 
convenient  to  designate  it  as  F0. 


B.  APERTURE 

See  Figure  32A  for  the  special  case  of  l  =  o,  that  is,  an  infinitely  thin  disc 
with  an  aperture  of  any  cross  section,  A,  which  is  much  smaller  than  the 
area  of  approach: 

W  =  V2x/A 

and:  F.  =  A/V 2^.  =  11.7  A  =  9.17  d°  (34) 


a'  »  A 
F0  --  11.7  A 

(A) 


-  I  - 

l  >  50  d 

d 3 

F  --  12.2  y 


(B) 


l 


_3_ 

4 

F  = 


<  4  <  50 
a 

11.7  A 


_l 

d 


< 


4 


F  = 


11.7  A 


(C) 


a 

a  »  b  a  >>  L 

F  -  11.7  Kab 


(D) 


(FA 


Hg  32.  Molecular  flow:  (A)  aperture;  (B)  long  tubes;  (C)  short  tubes;  (D)  rec- 
g'  (angular  slits;  (E)  long  concentric  tubes. 
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If  the  aperture  area,  A,  is  not  small  relative  to  the  cross-sectional  area, 
A ',  of  the  space  above  it,  mass  motion  will  result  and  the  conductance  will 
be  increased  by  the  large  aperture  correction  factor : 


A' 


A'  -  A 


(35) 


which  becomes  unity  when  A '  is  much  greater  than  A  and  approaches  in¬ 
finity  as  A'  approaches  A.  The  same  consideration  applies  when  an  en¬ 
trance  resistance  is  to  be  added  to  a  short  tube  length. 


C.  LONG  CYLINDRICAL  TUBES 

See  Figure  32B.  Using  equation  (33)  and  substituting  the  values  of  A  = 
rd2/4,  H  =  7r d,  and  F0  =  9.17d2: 

10  A  d ^ 

F  =  —  —  F„  =  12.2  —  liters  per  second  (36) 

o  Hi  l 

1  he  formulas  apply  only  it  the  pipe  is  long.  The  rate  at  which  gas  can  be 
removed  from  the  pipe  is  given  and  no  account  is  taken  of  the  rate  of  ef¬ 
fusion  of  gas  into  the  higher-pressure  end.  Any  difficulty  experienced  by 
the  molecules  in  finding  the  entrance  to  the  pipe  must  be  negligible  com¬ 
pared  with  the  difficulty  of  traversing  the  length.  This  will  be  true  when 
l  >  100  r  >  50d. 


D.  SHORT  TUBES  OF  UNIFORM  CROSS  SECTION 

See  Figure  32C.  For  tubes  in  which  I  <  50 d,  end  effects  are  no  longer 
negligible  in  comparison  with  the  resistance  of  the  tube  walls.  One  can 
consider  the  resistance  as  the  sum  of:  ( 1 )  the  resistance  of  the  pipe  inlet 
considered  as  an  aperture,  and  {2)  that  of  the  pipe  length  itself.  If  W0  is  the 
resistance  of  the  opening  and  Wt  that  of  the  tube  wall: 


W  =  W0  +  Wt 

I  =1,1 

F  F0  Ft 


Substituting  the  value  of  F,  from  equation  (36)  and  F „  from  equation  (34) : 


+ 


1 


F  9.17  d2  1  12.2  (d3/l) 

9-17 d2  li.7 A 


F  = 


1  +  -1-  1  +  H 

4  d  4  d 


(37) 
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Since  l  and  d  appear  in  the  denominator  as  a  ratio,  any  consistent  units  can 
be  used.  For  example,  both  can  be  in  centimeters,  inches,  feet,  etc.,  as 
long  as  they  aie  the  same  for  any  one  ratio.  However,  for  the  numerical 
constants  given,  d  in  the  numerator  must  be  in  centimeters  and  A  in  square 
centimeters.  Equation  (3/)  is  normally  sufficiently  accurate  for  vacuum- 
distillation  calculations.  For  values  of  l/d  >  3/4,  the  maximum  error  is 
about  12%.  It  can  be  readily  seen  that  when  l  =  o,  the  expression  becomes 
the  aperture  formula,  and  when  l  d,  it  becomes  the  long-tube  formula. 

For  shorter  tubes,  and  agreeing  with  the  more  complicated  expression 
as  derived  by  Clausing,88  Kennard89  has  shown  that  for  very  short  tubes 
the  3/n(l/d )  term  should  be  (l/d),  leading  to  the  expression: 


11.7.4 

1  +  d/d) 


9 .  lid'1 
1  +  d/d) 


liters  per  second 


(38) 


when  l/d  <  3/4 

If  the  conductance  of  a  short  noncylindrical  duct  of  uniform  cross  sec¬ 
tion  is  desired,  the  same  approach  as  used  above  can  be  made.  If  we  sub¬ 
stitute  from  equation  (33) : 


Fa 


ll±F 

3  HI 


0 


in  the  equation: 


we  obtain: 


1  -f  3/k,(HI/A) 


(39) 


and  for  air  at  25°C. : 


F  = 


11.7  A _ 

r+ 3  / 16  (hi/  a  ) 


=  liters  per  second 


(40) 


where  A  is  area  in  square  centimeters,  and  H  and  l  are  perimeter  and  length 
of  the  duct,  respectively,  expressed  in  centimeters  Here  again  the  de¬ 
nominator  represents  the  effect  of  the  channel  walls  and  the  numerate 

that  of  the  entrance. 

*L"Vl-3Mc«raw-Hi,l,  New  Y.Hc,  1938,  PP-  300-308. 
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E.  DUCTS  OF  NONUNIFORM  OR  IRREGULAR  CROSS  SECTION 

If  the  value  of  W  cannot  be  obtained  from  the  integral,  So1  (H/A2)  dl, 
of  equation  (31),  an  estimated  value  of  the  conductance  can  be  determined 
by  dividing  the  channel  into  sections  which  will  permit  an  approximation  of 
the  integrated  value.  The  resistance  of  the  sections  are  then  added  to  get 
the  total  effect.  An  abrupt  decrease  in  area  from  one  section  to  another 
will  introduce  an  entrance  resistance,  which,  corrected  by  the  large  aperture 
factor,  becomes: 


F 

1  O 


(41) 


However,  the  transition  from  one  exit  section  to  an  entrance  section  of  the 
same  shape  and  an  equal  (or  larger)  area  will  not  require  an  additional  en¬ 
trance  resistance. 


F.  BAFFLES,  VALVES,  ETC. 

Only  in  the  simplest  cases  is  it  possible  to  calculate  with  any  degree  of 
certainty  the  conductance  of  such  irregular-shaped  channels.  At  best, 
one  can  calculate  upper  and  lower  limits  by  visualizing  the  channel  as  a 
duct  or  tube  and  arbitrarily  selecting  a  reasonable  value.  If  the  conduct¬ 
ance  is  critical,  an  experimental  determination  of  the  value  is  necessary. 

G.  COLD  TRAPS 


hee  Figure  33A  and  B.  For  complicated  designs,  the  same  general  re¬ 
marks  which  pertain  to  baffles,  valves,  etc.  apply.  However,  some  of  the 
simpler  designs  are  amenable  to  mathematical  analysis.  As  an  examnle 

r'CUlar  rf  the  COnductance  of  a  traP  design  shown  in 
fu  3?,A,  !,  be  mad?'  14  1S  ass,lmed  that  the  gas  travels  equally  by 

t«o  para  lei  paths  around  each  side  of  the  cold  thimble.  For  an  irregufarlv 
shaped  channel,  from  equation  (32) :  ly 


W  = 


16  A2 


(32) 


The  axial  length  around  each  side  is  calculated  by  using  the  average  radius: 

7*2  +  n 


ra  = 


556 


J.  C.  HECKER 


Or  II  —  2 h  +  A r  and  the  area  can  be  assumed  to  be  the  area  of  section 
li(r-x  —  rO  or  A  =  fiAr.  From  Equations  (30)  and  (33): 


F 


Evaluating  the  factor: 


1  _  16  A} 

TV  \/pi  3\/ 27rpi  HI 


A  2  /i2  Ar2 

HI  (2 h  +  Ar)  Tti'a 

We  obtain  for  air  at  25°  C. : 


Ft  =  19,800 


r~  h 2  Ar2  ~| 
L(2/i  +  Ar)rJ 


VACUUM  REFRIGERANT 


Fig.  33.  Cold  traps. 


in  cubic  centimers  per  second.  Since  this  is  the  flow  around  one  side  only, 
the  total  flow  by  the  two  parallel  paths  will  be  twice  this  amoun  .  u 
stituting  the  numerical  values  indicated  and  conveiting  to  i  ers  per  seco  , 

we  obtain: 


Ft  =  39.6 


f  /t2  Ar2  1 
|_(2  h  +  Ar)raJ 


in  liters  per  second.  If  h  >  5  Ar,  an  error  of  less  than  10%  results  by  neglect- 
ing  Ar  in  the  (2 h  +  Ar)  term.  In  such  cases  an  approximate  uue  . 
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F 


40 


h  A r2 


(42) 


is  obtained. 

Consider  a  trap,  as  shown  in  Figure  33A,  having  the  dimensions  h  =  8 
cm.,  r2  =  3.5  cm.,  and  n  =  2  cm.  Then  Ar  =  1.5  cm.,  and  ra  =  2.75  cm. 
Using  the  simplified  formula: 

h  Ar2  8  X  L5*  _  „ 

-  =  -  =  3.2/ 

2 ra  2  X  2.75 

the  trap  itself  has  a  conductance  of  130  liters  per  second. 

A  gas  molecule  entering  the  trap  from  the  upstream  side  arm  of  radius 
ro,  will  “see”  an  opening  of  area  approximately  A  =  2 r0  Ar.  To  determine 
whether  an  entrance  resistance,  F0,  need  be  added  to  Ft,  the  value  of  A 
should  be  compared  with  the  upstream  area,  A'  —  7rr02.  As  long  as  A  > 
A no  allowance  for  F0  need  be  made,  or,  in  this  particular  case,  as  long  as 


2ti’o  Ar  >  7rr02 
or: 

2Ar  >  r0 

For  the  example  being  considered,  2  Ar  =  3,  which  is  greater  than  r0  =  2.5; 
therefore  no  entrance  resistance,  1/F0,  need  be  added.  In  those  cases 
in  which  there  is  a  reduction  in  area  on  leaving  the  downstream  side  of  the 
trap  an  entrance  resistance  should  be  added  in  computing  the  resistance 
from  the  trap  shell  to  the  next  point  downstream. 

The  conductance  of  a  trap  of  the  general  design  shown  in  Figure  33 B  has 
been  calculated  by  Dushman.90  It  should  be  observed  that  the  conduct- 
ance  for  all  cold  traps  will  be  lower  at  a  lower  temperature,  T,  by  the  factor 
VT/273.  The  average  temperature  of  the  gas  in  passing  through  the  trap 
can  be  approximated  from  the  temperature  of  the  refrigerant  being  used. 

H.  ELBOWS  AND  BENDS 


IUose*-  determined  rates  of  flow  of  gases  at  low  pressures  and  concluded 
that  F  depends  only  on  the  total  length  of  path  and  on  the  values  of  r  for 

ZTTT  Th?lint™d,UCtion  of  bends  or  e'bows  has  no  appreciable 
eflect.  Therefore,  in  the  high-vacuum  flow  region  it  is  usually  sufficient 

«f  “  elbow  or  a  bend  as  its  axial  length 
Howevei.  Sheriff*^  indicates  that  each  bend  requires  the  addition  of  one 
tube  diameter  to  the  length,  l,  in  conductance  formulas. 

PP."iS?1 T’  SCitnlifiC  FOmUlaH°’lS  0}  Vacuum  TKhni**-  Wiley,  New  York,  1949 

«  Sheriff^' Sri  f’,31’  503,(1930):  Ann-  PhmK  lb  73  (1931). 
onenn,  J .  bci.  Instruments,  26,  42  (1949). 
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I.  SLITS  OF  RECTANGULAR  SECTION 

See  Figure  32D.  For  tubes  with  rectangular  section  a  »  6  and  a  X>  /, 
Clausing93  has  arrived  at  the  relation : 

F  =  3. 638 Kcib\/T/M  liters  per  second  (43) 

and  for  air  at  25°C.: 

F  =  11 ,7Kcib  liters  per  second  (44) 

Values  for  K  as  a  function  of  l/b  appear  in  Table  XV. 

TABLE  XV* 


Slits — Values  op  Iv  as  a  Function  op  l/b 


l/b 

K 

l/b 

K 

0 . 

...  1.0 

1.5 . 

...  0.6024 

0.1 . 

...  0 . 9525 

2.0 . 

...  0.5417 

0.2 . 

...  0.9096 

3.0 . 

...  0.4570 

0.4 . 

...  0.8362 

4.0 . 

...  0.3999 

0.8 . 

...  0 . 7266 

5.0 . 

...  0.3582 

1.0 . 

...  0.6848 

10.0 . 

...  0.2457 

J.  CONCENTRIC  TUBES 


See  Figure  32E.  For  a  long  annular  space  we  can  again  apply  the  gen¬ 
eral  equation  (33)  for  conductance: 


„  16  A  ri 

3  hif° 


The  area  A  is  the  open  space  between  the  two  cylinders,  or  7r(r22  -  n2). 
The  perimeter  H  is  the  combined  circumferences  of  the  inside  diameter  of 
the  outside  shell  and  the  outside  diameter  of  the  inside  core,  or  27r(r2  +  n). 
Therefore : 


16  7r(r22  -  n2)  V0 
3  27r(r2  +  ri)  l 


93  Clausing,  Ann.  PhysiJc,  12,  961  (1932). 
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For  air  at  25°C.: 


F0  =  11.74  =  11.77r(r22  -  n2) 


Values  of: 


are  given  in  Table  XVI. 


as  a  function  of  - 
r2 


(47) 

(48) 


TABLE  XVI 


Concentric  Tubes  — 

Values  of  x  as  a  Function  of  rx/r2 

n/n 

X 

n/n 

X 

0 . 

....  2.67 

0.6 . 

....  1.07 

0.1 . 

....  2.40 

0.7 . 

....  0.80 

0.2 . 

....  2.13 

0.8 . 

....  0.53 

0.3 . 

. ...  1.86 

0.9 . 

....  0.266 

0.4 . 

....  1.60 

1.0 . 

.  .  .  .  0 

0.5 . 

....  1.33 

If  the  concentric  tubes  are  short,  l  <  50  A r,  the  value  of  A /HI  as  derived 
above  can  be  substituted  in  the  short-tube  formula  equation  (40).  It  is  of 
interest  to  note  that,  if  the  concentric  tube  is  a  falling-film  still  or  similar 
device  in  which  gas  is  formed  or  liberated  between  the  surfaces  no  end 
correction  is  necessary.  Also,  if  the  still  is  being  pumped  equally  at  both 

lSe,gaS  liberation  is  uniform  along  the  length,  it  can  be  assumed 
that  hall  the  length  is  being  evacuated  equally  in  both  directions 
It  is  to  be  remembered  that  all  formulas  given  in  this  section  apply  only 
to  free  molecular  flow,  conditions  in  which  the  mean  free  path  is  large 

compared  to  the  dimensions  of  the  opening.  As  stated  previously  for 
cylindrical  tubes  as  long  as:  y ’  lor 


Pd  <  2  Pr  <1  or  X  > 


2.5d 


molecular  formulas  are  accurate  to  within  5%  for  air  at  25 °P  A  l  , 
numerical  values  are  given  they  apply  on,y  to  air  a725° C  unless ^nyf" 

value  f  T'1  1  denslty  1S  proportional  to  the  molecular  weight  the 

\alue  of  the  conductance  for  other  gases  at  +  ght>  the 

found  by  multiplying  F  or  F0  by :  temperatures  can  be 

V29/M  VY/273 

sidered  in“Jc^S  is  to  be  c«n- 
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4.  Viscous  Flow 


A.  LAMINAR  REGION 


The  flow  of  gas  in  the  viscous  laminar-flow  (nonturbulent)  region  is 
governed  by  Poiseuille’s  law.94  Referring  again  to  equation  (20)  it  can 
be  seen  that  the  second  term  becomes  negligible  at  higher  pressures. 
When  Pd  is  greater  than  1000,  the  flow  is  over  95%  viscous.  The  formula 
reduces  to: 


F  = 


(50) 


which  is  one  way  of  expressing  Poiseuille’s  law,  where  Pa  is  the  average 
pressure  along  the  tube. 

The  more  familiar  expression  for  viscous  laminar-flow  is: 


m 


jr_  r4  P22  -  P i2 
16rj  l  RT 


(51) 


in  which  m  is  moles  per  second;  77,  coefficient  of  viscosity  in  poises  at  tem¬ 
perature  T;  r,  radius  of  the  tube  in  centimeters;  l,  length  of  the  tube  in 
centimeters;  P2,  pressure  at  inlet  in  microbars;  and  Ph  the  pressure  at 
outlet  in  microbars.  If  V  is  the  rate  of  flow  in  cubic  centimeters  per  second 
at  pressure  P: 

PV  =  mRT 


and  substituting  in  equation  (51): 


7r  r 


PV  =  T  (iV  -  Pi2) 

lor;  L 


(52) 


Since  P22  -  Pi2  =  (Pa  +  Pi) (Pa  -  Pi),  and  also  (P2  +  Pi)/2  equals  the 
average  pressure  Pa,  equation  (52)  becomes: 

(53) 


PV  =<7  7  P*(Pa  -  Pi)  =  Q 

877  l 


or: 


F  = 


Q 


rr 4 


P2  -  Pi  87 7/ 


Pa 


(54) 


which  is  identical  with  the  expression  (equation  50)  deduced  from  the 

general  formula  of  Knudsen.  .  ,  j-, _ 

As  shown  previously,  when  Pd  exceeds  1000,  equation  (28)  becomes  F  - 

..  Pnisemlle  SociHl  Philomalhique  ie  Paris  Bulletin,  28,  77  (1838);  Compl.  rend.,  11, 
<161  foil  (1840);  12,  112  (1841);  .5,  1161  (1892).  I«b,  Kinetic  Theory  of  Gas», 

2nd  ed.,  McGraw-Hill,  New  York,  1934,  p.  230. 
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0.177  ( d 4 /l) P,  in  which  F  is  in  liters  per  second  per  unit  pressure  drop.  In 
dealing  with  fore-pressure  lines,  one  can  often  tolerate  pressuie  drops  of  10 
to  20%.  Since  F  =  <?/(P2  -  Pi),  Q,  the  quantity  flowing  at  a  pressure 
difference  Pi  -  Pi  microns,  becomes: 

Q  =  0.177(d4/Z)P(P2  —  Pi)  micron  liters  per  second  (55) 

where  d  is  diameter  in  centimeters;  l,  length  in  centimeters;  P,  average 
pressure  in  microns,  (P2  +  Pi)/ 2;  Pi,  inlet  (higher)  pressure  in  microns; 
and  Pi,  outlet  (lower)  pressure  in  microns.  It  is  obvious  from  the  factor 
d*/l  that  a  much  greater  effect  is  obtained  from  a  change  in  diameter  than 
by  altering  the  length.  Doubling  the  diameter  is  equivalent  to  shortening 
the  length  1 6  times. 

As  an  illustration  of  the  use  of  equation  (55),  let  us  consider  a  tube  1  cm. 
in  diameter  and  10  cm.  long  which  is  to  conduct  air  at  25°C.  at  an  average 
pressure  of  100  p  under  a  pressure  drop  of  10  p,  or  P2  =  105  p,  and  Pi  = 
95  p.  The  value  of  P/l  becomes  Z4/10  =  0.1,  and  P(P2  —  Pi)  =  100  X  10 
=  1000.  This  leads  to  a  value  of  17.7  micron  liters  per  second. 

As  pointed  out  previously,  it  is  sometimes  desirable  to  express  flow  rates 
in  terms  of  the  volume  of  gas  flowing  per  second  at  the  prevailing  average 
pressure  P.  Equation  (55)  becomes: 


S  =  Q/P  =  0.177  ( P/l)(P2  —  Pi)  liters  per  second 


(56) 


where  P2  and  Px  are  in  microns  and  d  and  l  in  centimeters. 

In  the  example  given  above  the  17.7  micron  liters  per  second  is  equiva¬ 
lent  to  0.177  liter  per  second  at  100  p.  The  two  expressions  micron  liters 
per  second  and  liters  per  second  should  offer  no  difficulties  if  the  conversion 
from  one  to  the  other  is  considered  as  a  gas  compression  or  expansion  using 
1  micron  as  the  standard  base  pressure.  We  have  selected  the  micron  as 
our  unit  of  pressure  and  the  micron  liter  follows  naturally. 

Equation  (56)  can  be  rearranged  to  a  convenient  expression  for  estimat¬ 
ing  the  size  of  a  tore  vacuum  line  when  mechanical  pump  speed  and  length 
of  connecting  tubing  are  known.  Assume  a  vessel  is  to  be  connected  bv  a 
length  of  tubing  100  cm.  long  to  a  mechanical  pump  with  a  speed  SP  of  *> 
l./sec.  (a  Cenco  Hypervac-20  has  a  rated  capacity  of  1.9  1  /sec  at  100 
m).  The  speed  of  2  liters  per  second  is  at  the  pump  inlet  and  with  a  finite 
pi  essure  drop  does  not  equal  S  in  equation  (56) .  It  can  be  shown  that  with 
pressure  drops  of  less  than  20%  between  the  mechanical  pump  and  the 

fori  The™  10T°  T'tS  if  the  pump  speod>  ‘V  is  substituted 

for  S  The  maximum  error  of  10%,  with  the  top  arbitrary  limit  of  a  20<7 

pipe  sizes'  ‘S  7  We“  "',thin  tHe  ‘imitS  °f  °*her  errors  in  estimating 
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Rearranging  equation  (56),  and  for  the  special  case  when  A P  =  P2  -  px 
<  0.2  Px: 

A P  =  5.64  (l/d)  SP  <  0.2  Pi  (57) 

or: 

<P  >  28.2  (ISp/Pi)  (58) 

giving  a  general  expression  for  determining  diameters  of  fore-pressure 
lines,  of  length  l  cm.,  conducting  air  at  25°C.  at  the  fore-pump  intake  pres¬ 
sure  Pi  microns,  into  a  fore-pump  of  capacity  SP  liters  per  second,  and  for 
pressure  drops  of  less  than  20%.  Substituting  the  selected  values  of  l  = 
100  cm.,  SP  =  2  liters  per  second,  and  P  =  100  p,  the  diameter  should  be 
no  smaller  than  2.74  cm.  to  keep  the  pressure  drop  or  reduction  in  speed 
below  20%. 


B.  TURBULENT  REGION 


All  the  equations  derived  so  far  from  Poiseuille’s  law  are  applicable 
only  for  viscous  laminar  flow.  However,  in  normal  vacuum  practice  and 
for  a  properly  designed  distillation  vacuum  system,  turbulent  flow  rarely, 
if  ever,  occurs.  This  can  be  shown  by  an  examination  of  the  conditions 
which  lead  to  turbulence.  It  was  first  demonstrated  by  Reynolds95  that 
if  a  certain  critical  velocity,  uc,  is  exceeded,  the  pressure  drop  as  calculated 
by  the  Poiseuille  equation  is  too  small.  A  dimensionless  number,  R,  called 
the  “Reynolds  number,”  wras  defined  which  is  used  to  determine  the  transi¬ 
tion  value  of  laminar  to  critical  velocity: 

uc  =  Ru/pr  =  2RV/Pd  (59) 


For  glass,  R  has  a  value  of  1000  and  for  metal  between  400  and  500.96 

Using  the  value  1000  and  substituting  for  air  at  25°C.  a  value  of  r/  = 
1.845  X  10-4,  and  a  value  of  p  =  1.56  X  10-9  g.  per  cubic  centimeter,  at  1 

micron  pressure,  one  obtains: 

(60) 


2.366  X  105  , 

=  - - cm.  per  second 

d 


The  velocity  is  also  equal  to  the  volume  of  gas  flowing  per  second  divided 
by  the  area,  or: 

ye  =  Q/m-  =  4Q/><!  (0I) 

„  Taylor,  A  Treatise  on  Physical  Chemistry.  3rd  ed„  Van  Nostrand,  New  York,  1942, 

P'  ••’’ttuokes,  Ann.  Physik,  25,  983  (1908).  McAdams,  Heal  Transmission,  2nd  ed„ 
McGraw-Hill,  New  York,  1942,  Chap.  5. 
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Combining  equations  (60)  and  (61) : 

=  4Q/tt d2  =  2.366  X  10 h/d  (62) 

Therefore,  at  the  critical  velocity,  Q  =  185,000d  micron  liters  per  second, 

where  d  is  the  diameter  in  centimeters. 

Perhaps  a  better  understanding  of  this  value  can  be  obtained  by  referring 
to  Table  XVII,  in  which  Q  for  a  tube  1  cm.  in  diameter  is  converted  to 
liters  per  second,  F.  Comparing  the  speeds  of  some  of  the  more  common 
laboratory  and  industrial  mechanical  pumps  (Table  XVIII,  p.  564),  it  can 
readily  be  seen  that  turbulent  flow  may  occur  at  the  initial  stage  of  exhaust 
for  small-diameter  tubes,  but  becomes  less  likely  as  the  pressure  is  lowered. 

TABLE  XVII 


Critical  Flow  Rate  (Laminar  to  Turbulent  Flow)  as  a  P’unction  of  P 

For  Tubes  1  Cm.  in  Diameter 


p. 

pmm. 

F 

1 

0.001 

185,000 

10 

0.01 

18,500 

100 

0.1 

1,850 

1000 

1.0 

185 

10,000 

10. 

18.5 

IV.  VACUUM  PUMPS 
1.  Backing  Pumps  or  Fore-Pumps 

Not  many  years  ago,  a  vacuum  pump  to  the  organic  chemist  brought  to 
mind  a  water  aspirator.  The  laboratory-size  water  aspirator  serves  its  useful 
purpose  for  Buchner-funnel  filtrations  or  Claisen-flask  distillations  but 
geneially  is  not  suitable  for  high-vacuum  distillations.  The  laboratory 
water  aspirator  has  a  pumping  capacity  of  the  order  of  20  cc.  per  second 
pioducing  an  ultimate  vacuum  of  from  8  to  12  mm.  mercury,  depending  on 
the  water  temperature  and  pressure.  Compared  to  this  is  the  smallest 
Cenco  mechanical  pump,  the  Hyvac,  which  has  a  rated  speed  of  about  100 
cc.  per  second,  and  the  Welch  Duo-Seal  1395  mechanical  pump  with  a  speed 
of  about  150  cc.  per  second  at  100  A  list  of  the  more  common  mechani¬ 
cal  pumps  and  of  their  rated  performances  are  given  in  Table  XVIII.97 

A.  MECHANICAL  ROTARY  PUMPS 

The  rotary  oil-sealed  mechanical  pumps  are  generally  used  for  laboratory 
anc  pilot-plant  operations.  These  pumps  and  others  which  exhaust 

9‘  Sullivan,  Rev.  Sci.  Instruments,  19,  1  (1948). 
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TABLE  XVIII 

Rotary  Oil-Sealed  Mechanical  Pumps97 


Pump 

No. 

of 

stages 

R.p.m. 

Free  air 
displace¬ 
ment, 
l./sec. 

io-i 

mm., 

l./sec. 

Pumping 
speed  at 

io-* 

mm., 

l./sec. 

io-» 

min., 

l./sec. 

Limiting 

pressure, 

mm. 

Cenco 

Pressovac 

1 

600 

0.58 

0.50 

0.34 

3 

X 

10-3 

Hyvac 

2 

350 

0.18 

0. 10 

0.09 

0.08 

2 

X 

10-4 

Mega  vac 

2 

325 

0.52 

0.30 

0.28 

0.20 

5 

X 

IO-6 

Mega  vac 

2 

600 

0.95 

0.78 

0.52 

0.37 

7 

X 

10~6 

Hvpervac — 20 

2 

425 

3.30 

1.90 

1.80 

1.50 

7 

X 

10-* 

Hypervac — 25 

2 

570 

4.40 

2.90 

2.50 

2.10 

5 

X 

10~6 

Hypervac — 100 

2 

450 

16.00 

12.00 

11.00 

11.00 

2 

X 

10~6 

Welch 

Duo-Seal  1400 

2 

450 

0.35 

0.20 

0.16 

0.12 

5 

X 

10-6 

Duo-Seal  1405 

2 

300 

0.56 

0.37 

0.31 

0.24 

2 

X 

10“6 

Duo-Seal  1405 

2 

525 

0.97 

0.66 

0.60 

0.50 

4 

X 

10~6 

Duo-Seal  1403 

1 

375 

1.70 

1.30 

0.58 

— 

4 

X 

10-3 

Duo-Seal  1406 

1 

300 

0.56 

0.38 

0.20 

— 

5 

X 

10-3 

Duo-Seal  1404 

1 

300 

0.56 

— 

— 

— 

20 

X 

10_3° 

Duo-Seal  1410 

1 

450 

0.35 

— 

— 

— 

20 

X 

10 -3a 

Duo-Seal  1395 

1 

1725 

0.20 

— 

— 

— - 

25 

X 

10 -3u 

Kinneii 

CVD  556 

2 

525 

7.2 

5.6 

4.7 

3.8 

1 

X 

10-4 

CVD  8610 

2 

550 

21.7 

16.3 

13.9 

11.1 

1 

X 

10-4 

VSD  556 

1 

450 

6.1 

3.9 

1.5 

— 

5 

X 

10-3 

VSD  778 

1 

360 

12.7 

7.9 

3.3 

— 

5 

X 

10-3 

VSD  8811 

1 

360 

21.6 

13.7 

5.7 

— 

5 

X 

10-3 

DVD  8810 

1 

450 

52.0 

33.0 

14.1 

— 

5 

X 

10-3 

DVD  12814 

1 

415 

103.0 

64.0 

28.2 

— . 

5 

X 

10-3 

DVD  14918 

1 

360 

144.0 

92.0 

37.8 

— 

5 

X 

10-3 

DVD  141418 

1 

360 

226.0 

144.0 

59.0 

— 

5 

X 

10-3 

DVD  181420 

1 

360 

320.0 

205.0 

82.5 

— 

5 

X 

10-3 

Stokes 
Micro  vac 
Microvac 
Micro  vac 
Microvac 
Microvac 
Microvac 
Microvac 


146-E 

146-E 

148- E 

149- E 
212-E 
412-E 
612-E 


1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 


350 

500 

370 

385 

385 

400 

425 

200 

200 

200 

200 

200 

200 

200 


4.7 

7.1 

15.0 

28.3 

54.0 

111.0 

238.0 

7.4 

16.0 

25.0 

50.0 

130.0 

185.0 

370.0 


3.2 

4.8 

10.3 

19.2 

36.8 

75.5 
162.0 

5.5 

11.0 

18.5 
38.0 
98.0 

135.0 

270.0 


2.1 

3.2 
6.8 

12.7 

24.3 

50.0 

107.0 

3.3 
6.6 

11.0 

22.0 

58.0 

82.0 

160.0 


X  io-» 
X  io-» 
X  10-’ 
X  10-3 
X  io~3 
x  10-3 

X  10"3 

X  10"3 
X  io-3 
X  io-* 
x  10-3 

X  10-3 
X  10-3 
X  10-’ 


Beach- Russ 
Class  D  RP15 
RP30 
RP50 
RP100 
RP250 
RP375 

RP750  _ _ 

«  Manufacturer’s  guarantee.  Limiting  pressure  is  lower  than  this  value. 

against  atmospheric  pressure  are  used  as  the  primary  vacuum  pump  anil 
are  commonly  referred  to  as  “backing  pumps”  or  “fore-pumps  .  Hie 
basic  features  and  operating  principles  of  present-day  rotary  pumps,  as 
given  by  Sullivan,97  follow.  Certain  features  are  common  to  all  these 

pumps. 
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“A  rotor,  R,  rotates  inside  a  stator,  X.  Line  or  area  of  contact  G,  between  rotor 
and  stator,  and  contact  K,  between  vane  V  and  stator  divide  the  volume  between 
rotor  and  stator  into  two  chembers  (in  pumps  with  two  vanes  instead  of  one  this 
volume  is  divided  into  three  chambers).  Through  the  motion  of  the  rotor  one 
chamber  is  expanding  and  the  other  contracting.  The  expanding  chamber  is  con¬ 
nected  to  the  intake,  I,  of  the  pump  and  the  contracting  chamber  to  the  exhaust,  E. 
Oil  films  at  G  and  K  seal  the  pump.  A  valve,  D,  usually,  but  not  in  all  pumps, 
spring  loaded,  seals  the  contracting  chamber  against  a  flow  of  gas  inward.  This 
valve  is  oil  sealed.  The  free  air  displacement  of  a  rotary  oil-seal  pump  is  a  function 
of  the  volume  between  the  rotor  and  the  stator  and  the  number  of  revolutions  the 
rotor  makes  in  unit  time.  In  single-vane  pumps  the  free  air  displacement,  expres¬ 
sed  in  liters  per  second,  liters  per  minute,  or  cubic 
feet  per  minute,  is  the  product  of  the  number  of 
revolutions  of  the  rotor  per  time  unit  and  the 
volume  between  the  rotor  and  stator  (Fig.  34). 

A  sliding,  oscillating  seal  is  provided  for  the  vane 
in  the  top  section  of  the  stator.” 

Even  though  mechanical  pumps  with  fresh 
uncontaminated  oil  can  produce  vacuums  in 
the  low  micron  range,  as  a  practical  matter 
single-stage  rotary  pumps  find  their  most  ex¬ 
tensive  use  in  distillation  as  backing  pumps 
above  the  100  ^  region.  In  general,  their 
pumping  efficiency  falls  off  appreciably  with 
decreasing  pressure,  part  icularly  below  100  m- 
Multistage  mechanical  pumps  have  been 
designed  to  lower  the  ultimate  vacuum  and 
at  the  same  time  increase  the  volumetric  capacity  at  lower  pressures. 
However,  with  the  improved  designs  of  vapor  pumps  now  available,  it  is 
considered  good  distillation  practice  to  rely  on  vapor-booster  or  vapor- 
condensation  pumps  to  maintain  vacuums  below  100  and  on  mechanical 
pumps  or  ejectors  to  compress  from  there  to  atmospheric  pressure.  This  is 
even  more  apparent  when  one  considers  that  it  is  not  uncommon  for  a 
small  laboratory  still  to  require  a.pump  with  a  speed  of  50  to  100  liters  per 
second  in  the  1  to  10  M  range.  As  can  be  seen  from  Table  XVIII,  if  a  me- 
c  lamcal  pump  alone  were  used  to  maintain  the  vacuum,  a  large  commercial 
un.t  would  be  attached  to  a  relatively  small  piece  of  laboratory  equipment. 

.  1  mechanical  rotary  vacuum  pumps  are  sealed  with  a  low  vapor  pres- 

ra!l  ofsAE  b"'  '  »  T  “  “**“"*  oU  with  •  viscosity  in  the 

ite  ot  SAE  10  to  20  is  commonly  used.  As  the  pump  wears  and  the 

clearances  gradually  increase,  a  heavier  oil  in  the  range  of  SAE  20  to  30 
can  be  subst.tuted.  Hydrocarbon  oils  are  produced  and  sold  under  va°- 


Fig.  34.  Cenco  Hyvac  pump.97 


trade  names  for  mechanical  pump  oil  use,  usually  with  the  deserve 
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name  mechanical  vacuum  pump  oil.  For  special  applications,  sealing  oils 
other  than  hydrocarbons  have  been  used. 

In  addition  to  the  decrease  in  volumetric  efficiency  with  lower  pressures, 
which  is  an  inherent  characteristic  of  mechanical  pumps,  resulting  from 
clearance  limitations,  the  vapors  which  are  liberated  either  before  or  during 
the  distillation  contaminate  the  sealing  oil  and  impair  the  pump’s  opera¬ 
tion.  Any  attempt  to  maintain  the  rated  volumetric  capacity  of  a  me¬ 
chanical  pump  at  low  pressures  in  connection  with  organic  distillations  is 
futile. 

There  are  several  ways  to  cope  with  this  problem.  One  simple  method  is 
to  change  pump  oil  as  required.  A  vacuum  gage  between  the  mechanical 
pump  and  the  oil-vapor  pump  will  indicate  when  a  change  is  needed.  On 
large  installations,  a  continuous  system  of  renewing  the  sealing  oil  and  re¬ 
claiming  the  contaminated  oil  by  suitable  means  has  been  successfully  used. 
Cold  traps,  which  will  be  discussed  later,  assist  materially  in  condensing 
volatile  contaminants  which  would  otherwise  reach  the  fore-pump.  An¬ 
other  scheme  is  to  introduce  in  the  vacuum  line  a  hot  zone  whose  tempera¬ 
ture  is  sufficiently  high  to  decompose  or  “crack”  semicondensible  vapors 


TABLE  XIX 

Operating  Ranges  of  Vacuum  Pumps 
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to  carbonaceous  residues  or  to  noncondensible  gases.  A  helix  of  resistance 
wire  suspended  in  the  vacuum  line  and  operated  at  a  voltage  which  main¬ 
tains  a  dull  red  heat  has  been  successfully  used.98  On  larger  installations, 
multistage  steam  ejectors  or  hydrosteam  ejectors  are  used  as  backing 
pumps.  Vapors  as  well  as  “permanent  gases”  are  readily  handled  by  ejec¬ 
tors,  thereby  eliminating  the  contamination  problem. 

A  diagrammatic  representation  of  the  ranges  covered  by  present-day 
pumps  is  shown  in  Table  XIX. 


B.  STEAM  AND  WATER  EJECTORS 

Vapor-ejector  fore-pumps  are  usually  operated  with  high-pressure  steam 
(60  to  250  p.s.i.g.),  although  other  actuating  vapors  have  been  tried.99 
A  typical  single-stage  ejector  is  shown  in  Figure  35. 100  Such  units  are 


Fig.  35.  Basic  one-stage  steam-ejector  assembly:  (1)  diffuser;  (2)  air  chamber; 
(3)  steam  nozzle;  (4)  steam  chest;  (5)  nozzle  plate;  (6)  suction;  (7)  discharge;  (8) 
steam  inlet;  (9)  nozzle  throat;  (10)  diffuser  throat,100 


joined  in  series  to  produce  almost  any  degree  of  vacuum  from  atmospheric 
t°  pressures  in  the  micron  region.  A  five-stage  ejector  can  be  made  to 
produce  a  “shut-off”  vacuum  of  between  25  and  50  /z.  As  a  matter  of 
steam  conservation,  intercondensers  are  interspersed  between  some  of  the 
stages.  In  such  cases,  to  remove  the  condensed  steam  to  the  atmosphere, 
the  ejectors  and  condenser  are  generally  placed  about  34  ft.  above  a  water 
basin,  sometime  called  a  “hotwell,”  into  which  the  end  of  a  barometric  le°- 
18  submerged.  When  such  height  is  not  available,  the  water  can  be  re¬ 
moved  by  a  discharge  pump  which  requires  about  an  8-  to  10-ft.  head  for 
its  operation.  By  and  large,  the  barometric  leg  is  the  more  common  choice. 


,J8  Morse,  Rev.  Sci.  Instruments,  11,  277  (1940). 

99  Work  and  Haedrich,  Ind.  Eng.  Chem.,  31,  464  (1939) 

100  Standards  of  Heat  Exchange  Institute.  Steam  Jet  Elector 

Section,  Part  1,  Steam  Jet  Ejectors,  Heat  Exchange  ^  ‘ 
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Barometric  condensers  are  generally  used  on  four-  and  five-stage  ejec¬ 
tors,  sometimes  on  three  stages,  and  rarely  on  small  two-stage  assemblies. 
Commercial-size  steam  ejectors  are  ordinarily  too  large  for  laboratory  ap¬ 
plication.  However,  small  units  can  be  made  which  find  many  applica¬ 
tions  in  vacuum  distillation.101 

Steam  jet  ejectors  operate  on  a  mass-velocity-principle.  The  propelling 
steam  expands  adiabatically  through  a  divergent  nozzle,  converting  its 
pressure  energy  to  kinetic  energy.  The  mass  of  high-velocity  steam  is  di¬ 
rected  through  a  mixing  chamber  and  into  a  convergent-divergent  diffuser. 
In  passing  through  the  mixing  chamber  the  steam  entrains  a  definite  mass 
of  gas  or  vapor  being  evacuated.  In  imparting  velocity  to  the  gas,-  the 
steam  is  slowed  down,  and  the  resultant  mass  enters  the  diffuser  where  the 
kinetic  energy  is  converted  to  pressure  which  is  considerably  higher  than 
that  in  the  vacuum  chamber.  There  is  no  condensation  of  actuating  vapors 
during  the  compression  cycle.  The  high  expansion  ratio  of  the  steam  in  a 
four-  or  five-stage  ejector  may  accelerate  the  steam  to  Mach  numbers  of  9 
to  11.  The  cooling  effect  from  this  expansion  in  many  cases  produces  ice 
on  the  nozzle  mouth  as  well  as  in  the  diffuser  throat.  The  ice  formation 
alters  critical  dimensions  and  interferes  with  the  ejector’s  operation.  The 
condition  is  alleviated  by  adding  steam  jackets  to  the  nozzles  and  diffusers. 
Owing  to  the  high  velocity  there  is  practically  no  lateral  escape  of  steam  or 
entrained  gas  or  back  diffusion  from  the  discharge  opening.  For  this 
reason,  pressures  thousands  of  times  lower  than  the  vapor  pressure  of  water 
are  produced  with  steam  discharging  into  and  through  the  entraining  vac¬ 
uum  chamber. 

A  hydrosteam  ejector  consists  of  a  water  aspirator  discharging  into  at¬ 
mospheric  pressure  with  one  or  more  steam  ejectors  joined  in  series  to  pro¬ 
duce  successively  lower  pressures.  A 'motor-driven  centrifugal  pump  cir¬ 
culates  water  through  the  aspirator,  sufficiently  new  “makeup”  being  added 
to  condense  the  steam  from  the  ejector  stages.  Such  units  are  compact, 
relatively  free  from  trouble,  and  are  useful  for  degassing  purposes  as  well  as 
backing  units  for  oil-booster  pumps. 

2.  Oil-Vapor  Pumps 


A.  GENERAL 


Mercury-vapor  pumps  are  not  as  common  in  organic  high  vacuum  distil¬ 
lation  as  oil-vapor  pumps  and  therefore  consideration  will  be  given  only  to 
p"usU  organic  compounds  as  boi.er  fluids.  A  description  of  mercury 


ioi  j.  D.  Pedersen,  Jeannette,  Pennsylvania. 
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pumps  is  given  by  Dushman'"2  and  their  construction  is  discussed  by  Barr 

and  Anhorn.103  ,  •  a  a  i 

Since  molecular  distillations  are  conducted  at  pressures  in  the  0.1  to 

10  n  region,  a  standard  condensation  pump  which  relies  principally  on  the 
diffusion  principle  is  in  most  cases  not  entirely  applicable.  The  terms 
■‘condensation  pump”  and  “diffusion  pump”  are  used  synonymously  al¬ 
though  the  present-day  high-vacuum  pumps  are  more  nearly  ot  the  conden¬ 
sation  type,  as  designed  by  Langmuir,'”*  than  of  the  diffusion  type  as  pro- 
posed  by  Gaede.105 


B.  CONDENSATION  PUMPS 


In  the  discussion  of  steam-ejector  pumps  it  was  pointed  out  that  the 
actuating  vapor  (steam)  was  not  condensed  during  the  compression  cycle. 
As  distinct  from  this,  a  condensation  pump  relies  on  the  fundamental 
principle  that  the  actuating  vapor,  after  having  imparted  its  momentum  to 
the  gas  molecules,  is  rapidly  condensed,  the  condensing  zone  being  main¬ 
tained  sufficiently  low  that  no  appreciable  re-evaporation  and  hence 
random  motion  of  the  oil  vapor  takes  place.  Therefore,  the  primary  dif¬ 
ference  between  the  operation  of  a  condensation  pump  and  an  ejector  pump 
is  that  in  a  condensation  pump  the  gas  molecules  acquire  a  forward  momen¬ 
tum  as  a  result  of  collision  with  oil-vapor  molecules,  whereas  in  the  ejector 
pump  the  gas  is  entrained  in  a  high-speed  stream  and  rapidly  moved  along 
with  it  into  a  compression  zone.  One  could  be  considered  particle  motion 
and  the  other  mass  motion. 

A  section  of  a  typical  oil-condensation  pump  is  shown  in  Figure  36.  One 
or  more  stages  operate  from  a  common  boiler,  which  may  or  may  not  have 
partitioning  zones  depending  on  whether  the  pump  is  fractionating  or  non¬ 
fractionating.  The  actuating  fluid  is  vaporized  from  the  boiler,  the  vapors 
conducted  to  vapor-directing  jets  by  appropriate  chimneys,  and  the  vapors 
projected  in  the  fore-pressure  direction.  Molecules  diffusing  into  the  stream 
are  propelled  forward.  The  oil  vapor  condenses  on-  the  cold  wall  and  returns 
to  the  boiler  to  repeat  the  cycle.  More  efficient  operation  is  obtained  from 
multistage  pumps,  and,  when  extremely  high  vacuums  are’  needed,  frac¬ 
tionating  pumps  are  used. 


102  Dushman,  Scientific  Foundations  of  Vacuum  Technique.  Wiley  New  York  1949 
pp.  184-198.  ’  ’  ’ 

Barr  and  Anhorn,  Scientific  and  Industrial  Glass  Blowing  and  Laboratory  Tech 
niques.  Instruments  Publishing  Co.,  Pittsburgh,  Pennsylvania,  1949  pp  161-178 

104  Langmuir,  Gen.  Elec.  Rev.,  19,  1060  (1916);  J.  Franklin  Inst.,  182,  719  (1916)’ 

105  Gaede,  Ann.  Physik,  46,  357  (1915);  Z.  tech.  Physik,  4,  337  (1923). 
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C.  BOOSTER  PUMPS 

From  the  description  of  the  ejector  pump  and  the  condensation  pump,  it 
would  appear  that  there  is  a  sharp  line  of  demarcation  between  the  two 
mechanisms.  That  is  not  exactly  the  case.  The  type  of  pump  which  op¬ 
erates  in  the  intermediate  region  is  called  a  booster  pump  because  it  was 
first  used  to  “boost”  the  gases  from  the  fore-pressure  side  of  condensation 
pumps  to  a  pressure  level  easily  reached  and  maintained  by  a  reasonable 
size  of  mechanical  fore-pump. 

A  pump  patterned  after  the  typical  umbrella-jet  condensation  pump 
but  altered  to  give  maximum  speed  in  the  10-3  to  10-4  mm.  mercury  range 
has  been  designed.  A  typical  pump  of  this  type  is  similar  to  the  one  shown 
in  Figure  36.  Characteristic  performance  curves106  are  given  in  Figures 


HIGH  VACUUM  CONNECTION 


GAS  MOLECULES 

o  o  o 

OIL  VAPOR 


Fig.  36.  Schematic 
section,  oil  conden¬ 
sation  pump. 


,.<  Glass-Metal  Diffusion  Pump,  Type  GM-220,  marketed  by  Distillation  Produets 
Industries,  Rochester,  New  York. 


SPEED,  liters/sec.  5  SPEED,  liters/sec. 


VI. 


distillation  under  high  vacuum 


571 


HIGH  VACUUM,  mm  Hg 

g.  37.  Typical  high-vacuum  speed  curve  for  a  vapor-booster  pump:  glass-metal 

diffusion  pump,  type  GM-220.106 
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3/  and  38.  Such  pumps  are  modified  condensation  pumps  and  as  such 
have  an  inherent  upper  limit  to  their  optimum  operating  range,  usually  a 
top  limit  of  a  micron  or  two. 


D.  OIL-VAPOR  EJECTOR  PUMPS 

Oil-vapor  pumps  have  been  designed  which  combine  the  principles  of 
the  ejector  and  condensation  pumps  and  are  capable  of  optimum  perform¬ 
ance  in  the  range  ol  1  micron  to  several  millimeters  of  mercury.  An  ex- 


HIGH  VACUUM 


ample  of  an  oil-vapor  booster  pump  which  combines  the  condensation  and 
ejector  principles  is  shown  in  Figure  39.  This  type  of  pump  is  generally 
preferred  to  the  umbrella-jet  type  for  distillation  work  above  1  it.  Per¬ 
formance  curves  similar  to  those  in  Figures  37  and  38  will  indicate  then 
optimum  pumping  range.  Laboratory-size  pumps  of  the  type  shown  m 
Figure  39  have  speeds  of  25  to  30  liters  per  second  in  the  1  10  g  ranBe. 
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E.  SELECTION  OF  VAPOR  PUMP  —  PERFORMANCE  SPECIFICATIONS 

It  is  obvious  that  an  oil-vapor  pump  should  be  chosen  whose  maximum 
or,  at  best,  optimum  range  covers  the  anticipated  operating  pressure  of  the 
vacuum  still.  To  assist  in  this  choice  we  can  deduce  from  the  previous  dis¬ 
cussions  that  three  values  can  be  used  to  define  the  relative  performance  of 
vacuum  pumps: 

1.  Exhaust  Pressure  or  Fore-pressure  Breakdown— Both  Dynamic  and  Static:  As 
indicated  in  Table  XIX,  there  is  a  definite  limit  to  which  vapor  pumps  can  compress 
gas.  They  do  not  discharge  to  atmosphere  directly  but  require  a  “fore-pump”  or 
“backing  pump.”  The  fore-pressure  into  which  a  vapor  pump  can  discharge  the 
compressed  gas  is  a  characteristic  of  the  design  and  type  of  pump,  and,  in  general, 
the  maximum  fore-pressure  will  result  under  zero  throughput,  or  at  the  so-called 
static  fore-pressure.  It  is  important  in  evaluating  a  pump  to  compare  values  on  a 
comparable  basis — dynamic  under  load,  and  static  under  no  load.  Within  limits 
the  fore-pressure  is  related  to  the  heat  input,  as  shown  in  Figures  37  and  38. 

2.  Ultimate  Vacuum:  This  is  the  lower  limit  of  pressure  which  may  be  attained 
in  a  finite  time  in  a  closed  vessel  connected  to  the  pump.  With  most  types  of 
pumps  the  ultimate  vacuum  depends  on  the  fore-pressure  as  well  as  on  the  vapor 
pressure  of  the  actuating  oil.  In  actual  measurement  its  value  will  also  depend  on 
whether  a  refrigerated  trap  is  used  and  if  so,  on  its  temperature. 

3.  Speed — Usually  Expressed  in  Liters  per  Second:  One  value  of  the  speed  is  usu¬ 
ally  not  sufficient  to  characterize  pump  performance.  Curves  such  as  shown  in 
Figures  37  and  38  indicate  whether  the  pump  has  a  broad  or  narrow  pumping  zone 
and  also  the  effect  of  fore  pressure  on  the  capacity.  The  speed  can  be  expressed 
mathematically  as: 


-(dP/dt)  =  (S/V)(P  -  P0) 


in  which  P  is  the  pressure  at  any  time,  t;  Po,  the  ultimate  vacuum  attainable  by  the 
pump;  1 ,  the  volume  of  the  space  being  evacuated;  and  S,  the  pump  speed. 

There  are  several  ways  of  measuring  the  speeds  of  pumps  and  certain  pre¬ 
cautions  must  be  taken  to  obtain  reliable  values.1*^  Unless  one  is  equipped 
to  make  and  to  interpret  the  measurements  it  is  probably  just  as  well  to 
rely  on  the  values  of  an  accredited  manufacturer. 

There  are  other  less  tangible  but  equally  important  factors  in  selecting 
a  pump  for  vacuum-distillation  application,  such  as: 


(1)  The  ability  of  the  pump  to  handle  semicondensible  or  other  contaminants 
which  may  reach  the  pump  during  a  distillation.  (*)  Operating  efficiency,  which  is 
usually  of  secondary  importance  in  laboratory  work  but  should  not  be  overlooked 
for  larger  installations.  (3)  Maintenance,  which  includes  the  durability  of  the  pump 
as  well  as  its  ease  of  inspection  and  cleaning.  ' 
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F.  LIQUIDS  FOR  OIL-VAPOR  PUMP  BOILERS 

1  he  proper  choice  ot  an  operating  fluid  for  vapor  pumps  depends  on  one 
or  more  of  the  following  characteristics : 

CO  Stability  of  the  fluid  on  prolonged  heating  at  a  boiler  temperature  (and  pres¬ 
sure)  necessary  to  produce  copious  vapor  ebullition.  {2)  Vapor  pressure  in  the 
range  necessary  to  permit  the  production  of  the  desired  ultimate  vacuum.  (3) 
Physical  properties  such  as  being  fluid  at  the  temperature  of  the  condenser,  wetting 
ability,  viscosity,  etc.  It  is  also  desirable  that  the  fluid  have  a  low  heat  of  vaporiza¬ 
tion,  although  this  is  not  a  critical  property.  (4)  Relative  unreactivity  to  permanent 
gases  (particularly  oxygen),  metals,  water,  and  vapors  which  may  be  released  during 
the  distillation  and  eventually  reach  the  pump. 


TABLE  XX 

Oil-Vapor  Pump  Fluids  (Optimum  Range) 

0.01  0.1  1  10  100  1000  10,000  m 

Material  10 ~5  10 10 10 10 -/  1  10  mm. 

Organic  esters 

Di-2-ethylhexyl  sebacate 

(Octoil-S)° .  x 

Di-2-ethylhexyl  phthalate 

(Octoil)" .  x 

Amyl  sebacate  (Amoil-S)°. . .  x  x 

Butyl  sebacate .  -x  x 

Amyl  phthalate  (Amoil)“. . .  x 

Butyl  phthalate .  x  x 

Hydrocarbons 

Litton  molecular  lubricant6 . .  x 

Apiezon® .  x 

Apiezon  Bc .  x 

Myvane  20" .  x  x 

Myvane  10a .  x 

„  ,  -a  v  x  X  X 

Myvane  5 . 

Organosilicon  compounds 

DC  Silicone  No.  703d .  x  x 

DC  Silicone  No.  702d .  x  x 

Chlorinated  hydrocarbons 

Aroclor  1254® .  x  x 

Aroclor  1248® . 

Narcoil-10^ .  x 

Miscellaneous 

Tri-p-cresyl  phosphate .  x 

Glycerol .  *  * _ * * - - - - - 

•  Distillation  Products  Industries,  Rochester  New  York. 

t  St’  Manchester,  England;  marketed 

hv  James  G  Biddle  Company,  Philadelphia,  Pennsj  lvama. 

•  </bow  Corning  Corporation,  ^^"J^^Mfssouri 
;  NadonaEResearclT Corporation,  Cambridge,  Massachusetts. 
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Even  though  the  specifications  seem  rather  stringent,  usually  one  or  more 
fluids  can  be  found  which  are  satisfactory.  In  Table  XX  are  listed  some 
of  the  more  common  fluids  with  the  properties  relevant  to  making  a  pump- 
oil  choice.  When  mixtures  are  given,  such  as  hydrocarbons,  the  vapor 
pressure  is  governed  principally  by  that  of  the  lightest  constituent. 

Laboratory  oil-booster  pumps  are  ordinarily  not  made  fractionating  or 
self-purifying  since  it  is  a  relatively  easy  matter  to  change  the  pump  oil  as 
desired.  However,  on  large  installations  for  continuous  operation  it  is 
advantageous  to  have  the  pumps  fractionating.  Arrangements  should  be 
provided  for  removing  heavy  tars  or  residues  which  collect  in  the  boiler,  as 
well  as  the  light  ends  which  are  continuously  swept  toward  the  fore-pressuie 


region  by  the  gas  flow  through  the  system. 

An  oil-vapor  pump  is  relatively  foolproof.  However,  there  are  certain 
operating  precautions  that  should  be  taken.  In  general,  pump  oils,  even 
though  organic  liquids,  can  stand  considerable  abuse.  This  is  no  excuse, 
however,  for  their  being  mistreated  when  a  little  reasonable  care  will 
greatly  extend  the  life  of  the  oil.  It  is  good  practice  to  cool  the  pump  boiler 
to  50  to  100°C.  below  normal  operating  temperature  before  exposing  the 
fluid  to  air.  And  it  is  generally  desirable  to  boil  or  distil  the  pump  fluid  at 
pressures  not  greatly  in  excess  of  the  normal  operating  boiler  pressure.  For 
condensation-pump  fluids  this  is  in  terms  of  tenths  of  millimeters  of  mer¬ 
cury  pressure  and,  for  oil  ejector  booster  pump  oils,  in  terms  of  centi¬ 
meters  and  tens  of  centimeters.  Thermal  switches  or  pressure-operated 
switches  can  be  incorporated  to  give  automatic  protection  to  the  boiler 
fluid.  The  heat  input  to  the  boiler  should  be  adjusted  according  to  the 
manufacturer’s  recommendation  for  optimum  performance.  The  mere 
darkening  of  a  pump  fluid  is  no  reason  for  a  change  to  fresh  oil.  Color,  of 
itself,  is  no  criterion  of  ability  of  an  oil  to  pump  well.  The  need  for  change 
should  be  governed  principally  by  the  performance  of  the  pump,  both 
as  to  ultimate  vacuum  and  to  speed.  A  dark,  messy-looking  fluid  may 
behave  e\en  better  than  the  original  charge,  whereas  a  clear,  colorless 
fluid  contaminated  with  a  light-boiling,  difficultly  removable  contaminant 
may  be  ready  for  discarding.  Occasionally  during  the  degassing  cycle  or 
dining  the  removal  of  the  light  fractions,  constituents  reach  the  pump  and 
condense  on  the  cold  diffuser  wall.  This  is  particularly  true  when  solvents 
have  been  used  for  cleaning  the  still  between  runs.  Also,  the  cooling  water 
should  be  turned  off  during  exposure  of  the  pump  to  atmospheric  pressure 
since  moisture  from  the  air  might  otherwise  condense  on  the  cold  inner  walls 
of  the  pump  when  the  humidity  is  high.  The  fluids  can  sometimes  be  suc¬ 
cessfully  purged  of  low-boiling  contaminants  or  water  by  boiling  the  fluids 
01  seven,  minutes  with  the  cooling  water  off.  This  operation  must  ho 
watched  closely  to  make  sure  the  liquid  is  not  all  vaporised  into  the  fore- 
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pressure  arm.  Also,  in  the  case  of  a  water-cooled  glass  pump,  the  condenser 
should  be  kept  full  of  water  so  that  excessive  thermal  shock  will  not  occur 
when  cold  water  rushes  against  the  glass  seals. 


V.  VACUUM  GAGES 
1.  General 

A  chart  of  the  various  gages  which  cover  the  pressure  ranges  encountered 
in  high-vacuum  distillation  is  given  in  Table  XXI.  From  the  list  one 


TABLE  XXI 

Operating  Ranges  of  Vacuum  Gages 


Legend 

— *■  Usual  Ranges 

— *>  Extended  Range 
Possible  by 
Special  Design 


I--- 


I - 

h- 


I - 

Alphatron 


Mercury  Manometer 


Bourdon 


Oil  Manometer 


Bimetallic  Strip 


Thermistor 


Thermocouple 

-1 - T— - 

Thin  Wall  Deflection 


Cold  Cathode 


McLeod 


Piram 


- 1 


- 1 


- 1 


mm.  IO~5 


0.1 

10 


-4 


10' 


10 
10' 2 


100 
10' ' 


1000 


10 


10' 


Atm 


might  think  that  a  “foolproof”  gage  could  be  selected  upon  which  lull  reli¬ 
ance  could  be  placed  and  that  readings  as  indicated  by  a  pointer  on  a  dial 
could  be  accepted  as  the  “true”  pressure.  This  is  not  always  the  case. 
Most  vacuum  gages  rely  on  an  indirect  method  of  determining  the  pressure 
and  do  not  determine  the  density  directly  nor  “count”  the  number  of 
molecules  per  unit  volume.  It  is  helpful  to  have  an  understanding  of  the 
principles  of  operation  and  precautions  to  be  taken  in  the  use  of  the  gages 
which  have  been  accepted  as  most  practical.  In  interpreting 
one  should  know  whether  condensible  gases  or  vapors  affect  the  leadings, 
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and  whether  the  sensitivity  depends  on  the  nature  of  the  gases  or  vapors 
being  measured. 

2.  Fore-Pressure  Gages 

The  U-tube  mercury  manometer  (or  an  open  tube  submerged  in  a  well) 
and  the  bourdon-type  gage  are  used  for  fore-pressure  measurements  from 
atmospheric  pressure  down  to  about  10  mm.  (see  Chap.  \  ,  Figs.  5  and  14). 
Such  gages  are  relatively  trouble-free  and  their  accuracy  is  sufficient  for 
indicating  the  degree  of  vacuum  during  the  evacuation  cycle.  A  special 
Bourdon  gage108  has  been  designed  which  can  be  used  in  the  range  of  1  to  20 
mm.  If  greater  sensitivity  is  required,  an  oil  manometer  can  be  used.  A 
nonviscous,  low-vapor-pressure  organic  fluid,  usually  a  diffusion-pump  oil, 
is  used  to  fill  the  tube.  The  level  difference  in  actual  measured  milli¬ 
meters  can  be  converted  to  millimeters  mercury  by  multiplying  scale  A  mm. 
by  density  oil/density  mercury.  It  is  sometimes  convenient  to  make  a  scale 
calibrated  directly  in  millimeters  mercury.  In  this  case  one  scale  division 
in  millimeters  mercury  equals  density  mercury /density  oil.  The  reference 
vacuum  can  be  a  small  rotary  mechanical  pump  which  will  give  an  ultimate 
vacuum  of  25  n  or  less.  In  Figure  40A  is  shown  a  U-tube  model  with  a 
stopcock  arrangement  for  equalizing  the  pressure  in  the  two  limbs  during 
“pump-down”  or  “outgassing”  periods.  In  Figure  40B  the  volume  of  the 
well  is  made  large  relative  to  the  volume  of  the  measuring  tube,  so  that  a 
fixed  scale  can  be  used.  Oil-filled  manometers  must  be  “outgassed”  each 
time  they  are  exposed  to  atmospheric  pressure.  This  is  done  in  a  matter 
of  minutes  and  is  usually  not  objectionable,  particularly  if  the  system  is  to 
be  maintained  under  vacuum  for  an  extended  period  of  time.  The  oil 
manometer  is  relatively  free  from  trouble,  measures  total  pressure,  and  is 
most  useful  in  the  range  of  0.1  to  20  mm.  The  range  has  been  extended 
by  the  use  of  a  sloping  U-tube  in  place  of  a  vertical  arrangement.109 

Ihe  bench-mounted  McLeod  gage  is  generally  not  a  practical  instrument 
for  high-vacuum  distillation  application.  The  portable  tilting  type110 
shown  in  Figure  41  is  useful  as  a  fore-pressure  measuring  device.  The  er- 
lors  in  regard  to  condensible  vapors  which  are  inherent  in  the  standard 
McLeod  gage  are  not  avoided  by  the  simplified  design.  However,  the  in¬ 
strument  is  portable  and  very  convenient  to  use. 

Ihe  gage  is  connected  to  the  system  by  a  rubber  tube  which  should  be 
kept  as  short  as  possible  and  be  thick-walled  vacuum  tubing.  The  gage  is 
mounted  on  a  swivel  which,  on  rotating  90°,  cuts  off  a  definite  volume,  V, 
at  the  system  pressure,  P,  and  compresses  this  volume  to  a  higher  known 

108  Wallace  and  Tiernan  Products,  Inc.,  Belleville,  New  York 

109  Hickman,  Chew.  Revs.,  34,  82  (1944). 

110  Flosdorf,  Ind.  Eng.  Chem.,  Anal.  Ed.,  17,  198  (1945). 
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PI  value.  The  gage  is  calibrated  in  microns;  models  are  available  which 
cover  the  ranges  of  0-700  M  and  0-5000  n-  A  similar  device  called  a  Vacu- 
stat  is  described  by  Yarwood.111 


SCALE 


Fig.  40.  Oil  manometers:  (A)  U-tube; 
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(B)  single-tube  well. 


Fig.  41.  Tilting-type  portable  McLeod  gage.110 
in  Yarwood,  High  Vacuum  Technique.  2nd  rev.  ed.,  Wiley,  New  \oik,  194o,  p.  3.). 
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3.  Fine-pressure  Gages 

Of  the  gages  listed  in  Table  XXI,  those  which  have  received  greatest  ac¬ 
ceptance  for  high-vacuum  distillation  measurements  below  100  u  are: 
Pirani,  thermocouple,  cold-cathode  (Alphatron),  and  portable  McLeod. 
The  characteristics  of  these  gages  are  shown  in  Table  XXII. 


TABLE  XXII 

Vacuum  Gages  for  Molecular  Distillation 


Useful 

Type 

Principle 

range 

Advantages 

Pirani 

Loss  of  heat  from 

0 . 1  ju  to 

( 1 )  Portable 

U) 

hot  wire  propor- 

0.3  ' 

(2)  Continuous 

tional  to  pressure 

mm. 

reading 

(3)  Attach  directly 

to  apparatus 

(2) 

Thermo¬ 

As  above  except 

0 . 1  ju  to 

U 

U) 

couple 

thermocouple 

0.1 

(2) 

junction  used 

mm. 

“Alpha¬ 

Positive  ion  current 

0.1  ix  to 

( 1 ) 

( 1 ) 

tron” 

proportional  to 

10 

(2) 

pressure;  radium 
capsule  source  of 
electrons 

mm. 

(3)  “ 

( 4 )  Wide  range 

Portable 

Compresses  known 

0  to 

( 1 )  Portable 

U) 

Mc¬ 

volume  to  known 

5000  n 

(2)  Convenient 

Leod 

PV 

(2) 

C 3 ) 

Disadvantages 


Filament  contam¬ 
ination  causes  zero 
shift;  must  be 
periodically  recal¬ 
ibrated 

Sensitivity  de¬ 
pends  on  nature  of 
gas  or  vapor  pres¬ 
ent 

As  for  (2)  above 
Less  sensitive  than 
Pirani 

Precautions  at¬ 
tending  use  of  ra¬ 
dium;  not  serious  if 
operating  instruc¬ 
tions  are  carefully 
followed 

Intermittent  read¬ 
ing 

Hg  contamination 
Pressure  readings 
are  low  if  conden¬ 
sible  vapors  present 


The  Pirani  and  thermocouple  gages  depend  on  the  change  of  heat  conduc¬ 
tivity  with  pressure,  which,  at  low  pressures,  increases  linearly  with  pres¬ 
sure.  Such  gages,  in  general,  are  operated  in  such  a  manner  as  to  maintain 


a  constant  energy  input  to  the  warmed  element.  The  element  consists  of  a 
filament  or  ribbon  of  some  metal  (such  as  tungsten,  nickel,  or  platinum) 
which  has  a  high  temperature  coefficient  of  resistance  and  which  is  not  at¬ 
tacked  by  the  gases  or  vapors  to  be  measured  at  the  temperature  involved. 
As  the  pressure  is  raised  and  lowered,  the  hot  element  will  lose  heat  at  a 
varying  rate  and  thereby  suffer  a  temperature  change.  Therefore  such 
gages  resolve  themselves  into  means  of  measuring  the  temperature  of  the 
ot  element.  In  the  thermocouple  type,  the  temperature  is  determined  by 
means  ot  a  thermocouple  spot-welded  to  the  heated  element.  In  the  re 
sistance  type,  the  Pirani  being  an  example,  the  temperature  is  determined 
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by  measuring  the  change  in  resistance,  or  the  potential112  is  measured 
which  must  be  supplied  to  the  Wheatstone  bridge  to  keep  the  resistance  and 
hence  the  temperature  of  the  wire  constant.  The  change  in  length  can 
also  be  used  for  this  purpose. 
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A  schematic  diagram  of  a  resistance-wire  gage,  Pirani  type,  and  calibra¬ 
tion  plots  are  given  in  Figures  42  and  43,  respectively.  A  Wheatstone- 
bridge  arrangement  is  used  for  measuring  the  resistance  changes.  To  com- 

m  Dushman,  Scientific  Foundation >  of  Vacuum  Technique.  Wiley,  New  York,  1949, 
p.  317. 
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pensate  for  room-temperature  and  bridge-voltage  variations,  a  second  tube 
duplicating  as  closely  as  possible  the  characteristics  of  the  measuring  tube 
is  sealed  off  at  an  extremely  low  pressure  and  balances  the  opposing  arm  of 
the  bridge  circuit.  The  calibration  of  the  gage  is  dependent  on  the  thermal 
conductivity  of  the  gas  in  the  system. 


Fig.  43.  Calibration  curves  for  various  gases  with  Pirani  gage,  type  PG-1A,  Distillation 
Products  Industries.  Bridge  voltage  3  volts. 


The  thermistor-type  of  gage  has  been  described  by  Becker,  Green  and 
Pearson.113  These  semiconductor  elements  have  a  high  negative  tempera¬ 
ture  coefficient  of  resistance.  A  linear  response  was  obtained  in  a  vacuum 
gage  between  1  and  1000  n-  A  gage  of  these  characteristics  would  be  adapt¬ 
able  to  high-vacuum  distillation  technique. 

In  performing  a  distillation,  organic  vapors  diffuse  to  the  gage,  deposit 
on  the  hot  element  of  heat-conductivity  gages,  and  alter  their  characteris¬ 
tics.  The  gage  calibration  drifts.  This  “zero  shift,”  as  it  is  called  is 
characteristic  of  this  type  of  gage  in  the  presence  of  organic  vapors  The 
gage  contamination  can  be  lessened  by  attaching  the  gage  to  the' down- 

Beeker'  Green’  and  Pearson.  Trans.  Am.  Inst.  Elec.  Engrs.,  65,  711  (1946). 
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stream  side  of  a  cold  trap  or  baffle,  although  this  is  likely  to  give  readings 
lower  than  actually  exist  in  the  evaporating  zone. 

If  the  Pirani  or  thermocouple  gage  is  to  be  relied  on  for  periods  of  weeks 
or  months,  a  means  for  a  periodic  calibration  should  be  provided.  A  test 
rack  can  be  assembled  from  the  following  essential  components: 

(/)  A  condensation  pump  capable  of  producing  10~4  mm.  or  lower. 

(2)  A  mechanical  backing  pump. 

(3)  A  cold  trap  with  outlets  for  attaching  a  gage  or  gages. 

(4)  A  McLeod  gage  which  can  be  read  to  a  micron  in  the  range  of  1  to  20  n- 

\ 

One  or  more  gages  along  with  the  McLeod  is  attached  to  a  high-vacuum 
manifold  connected  to  the  condensation  pump.  Several  points  on  the 
faulty  gage  are  checked  against  the  McLeod,  and  the  Pirani  is  reset  accord¬ 
ingly.  The  pressure  can  be  adjusted  by  admitting  a  small  continuous 
amount  of  air  through  an  adjustable  leak  valve.  A  short  piece  of  thick- 
walled  rubber  tubing  with  a  fine  wire  inserted  through  the  opening  and  with 
a  screw  pinch  clamp  compressing  the  tubing  against  the  wire  makes  a 
simple,  satisfactory,  adjustable  leak  valve. 

The  Alphatron  developed  by  Downing  and  Mellen114  operates  on  the 
ionization-gage  principle,  the  ionization  being  produced  by  alpha  particles 
as  distinct  from  electron  bombardment  in  the  hot-filament  gage.  This 
gage  is  rugged  and  suffers  little  from  contamination.  Howe’ser,  since  the 
gage  contains  a  radium  source,  certain  precautions  have  to  be  taken  in  the 
use  of  this  instrument.  This  is  not  a  serious  consideration  if  the  manu¬ 
facturer’s  operating  instructions  are  followed. 

The  gage  should  be  connected  as  near  the  distilling  zone  as  possible  to 
obtain  an  indication  of  the  true  pressure.  Contamination  difficulties 
sometimes  necessitate  its  being  placed  away  from  the  still,  but  in  such  cases 
allowance  should  be  made  for  possible  pressure  drops  between  the  gage  and 

the  distilling  zone. 

VI.  COLD  TRAPS  AND  BAFFLES 


As  pointed  out  previously,  during  most  distillations  of  organic  materia  s, 
vapors  which  are  dissolved  as  impurities  in  the  original  material,  or  vapors 
venerated  by  thermal  decomposition  during  the  distillation,  often  fail  to 
condense  in  the  still.  This  is  particularly  true  when  the  condensing  zone  is 
kept  warm  to  assist  the  flow  of  viscous  condensates,  or  to  prevent  the  pi  e- 
dpiLTon  of  solids  from  saturated  solutions.  If  vapors  so  berated  ( ™ 
the  distilland  are  not  condensed  by  some  cooling  means  between  the 

U.  Downing  and  Mellen,  Rev.  8cL  Instruments,  17,  218  (1946);  Electronics,  .9,  H2 
(1946). 
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and  the  condensation  pump,  they  are  likely  to  be  wholly  or  partially  con¬ 
densed  or  absorbed  on  the  cold  condensing  zone  of  the  pump. 

Since  the  vacuum  attainable  by  a  condensation  pump  depends  on  t  le 
vapor  pressure  of  the  operating  fluid,  it  is  obvious  that  the  performance  of 
the  pump  will  be  impaired  in  proportion  to  the  type  and  amount  of  con¬ 
taminating  vapor  that  reaches  it.  Annoying  “bumping”  of  the  boiler 
usually  accompanies  a  contaminated  pump,  which  also  affects  the  speed 
and  degree  of  vacuum  attainable.  With  the  heat  input  adjusted  properly 
and  with  fresh  pump  fluid  in  the  boiler,  evolution  of  vapor  takes  place  with¬ 
out  the  bumping  and  bubble  formation  which  ordinarily  accompany  a  boil¬ 
ing  liquid. 

In  addition  to  protecting  the  pump,  one  frequently  wishes  to  examine  all 
the  constituents  of  the  distilling  liquid  and  therefore  endeavors  to  trap 
any  vapors  which  do  not  condense  in  the  still.  Of  the  many  shapes  and 
forms  of  cold  traps,  the  one  shown  in  Figure  33 A  is  particularly  suited  for 
high-vacuum  distillation. 

The  refrigerants  most  commonly  used  are  liquid  nitrogen,  liquid  air,  or 
powdered  dry  ice.  Since  liquid  air  has  a  varying  composition,  resulting 
from  the  faster  vaporization  of  nitrogen,  its  temperature115  may  vary  be¬ 
tween  about  —  183  and  —  196°C.  Liquid  nitrogen  is  now  readily  available 
in  commercial  quantities  and  is  preferable  to  liquid  air  since  a  more  con¬ 
stant  lower  temperature  of  about  —  195°C.  is  obtained,  and,  in  addition, 
the  possible  explosion  hazard  of  liquid  air  is  obviated.  An  imploding  trap 
containing  liquid  air  can  produce  an  explosive  reaction  when  connected  to 
a  condensation  pump  or  to  a  still  containing  hot  oxidizable  organic  com¬ 
pounds. 

A  liquid-nitrogen  trap  can  effectively  remove  water  vapor,  carbon  di¬ 
oxide,  and  relatively  heavy  organic  vapors.  However,  such  gases  as  ethane, 
eth\  lene,  methane,  and  carbon  monoxide  have  appreciable  vapor  pressures 
at  liquid-nitrogen  temperatures  and  are  not  adequately  trapped.  By  re¬ 
ducing  the  pressure  over  liquid  nitrogen,  lower  temperatures  can  be  pro¬ 
duced,  as  shown  in  Table  XXIII. 

In  cases  in  which  the  extreme  low  temperature  of  liquid  nitrogen  is  not 


TABLE  XXIII 


Temperature  versus  Pressure  of  Common  Refrigerants 


Pressure,  mm..  760 

N2- . — 196  °C. 

CO/ . -  78  °C. 


76 

— 210°C. 
—  103  °C. 


7.6 

— 220°C. 
-  12  °C. 


0.76 
— 227°C. 
—  137°C. 


*  m.  VrUkal  ™e‘-  V0h  m'  New  York,  1928,  p.  204 

Dodge  and  Dunbar,  J.  Am.  Chetn.  Soc.,  49,  501  (1927) 
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needed,  a  trap  temperature  of  -78°C.  can  be  produced  with  solid  carbon 
dioxide.  Even  though  dry  ice  is  readily  obtained  there  are  occasions  when 
a  cylinder  of  carbon  dioxide  gas,  but  no  dry  ice,  is  at  hand.  Carbon  dioxide 
snow  can  be  obtained  by  releasing  carbon  dioxide  gas  into  a  cloth  bag  at 
atmospheric  pressure.  The  vapor  pressure  of  water  at  dry-ice  temperature 
is  about  1  fi,  and  since  molecular  distillations  are  generally  performed  in  the 
low-micron  region,  water  vapor  cannot  be  effectively  removed  by  a  dry-ice 
trap.  To  provide  better  heat  transfer  between  the  dry  ice  and  the  trap 
wall,  a  liquid,  such  as  acetone,  alcohol,  or  butijl  Cellosolve,  is  added  to  the 
powdered  dry  ice  to  form  a  mush. 

As  shown  in  Figure  50,  it  is  common  practice  to  have  two  cold  traps.  In 
performing  a  distillation,  it  is  advisable  to  delay  cooling  the  traps  until  a 
pressure  of  around  100  /x  is  reached.  However,  if  it  is  known  or  suspected 
that  the  still  charge  contains  solvents  or  volatile  contaminants,  the  second 
trap  is  chilled  and  a  pre-evacuation  or  degassing  period  is  allowed.  At  the 
end  of  this  period  the  vacuum  is  broken  and  the  trap  warmed  and  drained 
before  the  actual  distillation  is  begun.  If  the  solvents  or  vapors  are  ex¬ 
cessive,  both  traps  can  be  filled  during  the  degassing  cycle  and  drained  be¬ 
fore  attempting  to  attain  the  desired  distilling  vacuum.  In  any  event,  it 
is  advisable  to  fill  the  second  trap  first  after  a  vacuum  of  around  100  n  is 
reached,  get  the  vapor  pumps  into  operation,  and  then  fill  the  first  trap. 
If  the  first  trap  is  filled  when  the  pressure  is  high,  vapors  which  are  con¬ 
densed  at  this  high  pressure  will  be  slowly  liberated  as  the  vacuum  gets  bet¬ 
ter,  prolonging  the  time  needed  to  attain  the  ultimate  distilling  \  acuum. 

If  copious  quantities  of  liquid  materials  are  being  collected  in  the  cold 
thimble,  a  bottom  vacuum-jacketed  section  is  added,  as  in  Figure  33C. 
The  re-evaporation  which  would  occur  as  liquid  drops  to  the  bottom  of  the 
trap  is  lessened  if  the  vacuum  flask  is  added.  A  short  piece  of  heavy-wall 
rubber  tubing,  with  pinch  clamp,  connected  to  a  small  bottle  permits  the 
periodic  draining  of  collected  fluids  and  their  removal  to  the  atmosphere. 

The  conductance  or  “speed’’  of  cold  traps  of  the  general  design  shown  in 
Figure  33B  has  been  discussed  by  Dushman.116  It  should  also  be  observed 
(equation  49)  that  at  temperatures  lower  than  25°  the  conductance  will  be 
lower  than  at  25°C.  The  conductance  will  be: 


y/  7V/298C25 


in  which  TV  is  the  temperature  of  the  refrigerated  trap  and  C26  its  conduct- 

aroraiiq2uidCnitrogen  at  -196°C.  (77°K.),  the  conductance  tor  any  gas  is 
y/ll /298  =  0.52  times  that  for  the  same  gas  at  25  O. 

...  Dushman,  Scientific  Foundations  of  Vacuum  Technique.  Wiley,  New  York,  1949. 


p.  105. 
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An  obstruction  or  series  of  obstructions  in  the  vapor  path  which  will  in¬ 
duce  multiple  collisions  of  the  molecules  with  a  surface  maintained  suf¬ 
ficiently  cold  to  condense  the  impinging  vapor  molecules  is  called  a  baffle. 
A  right-angle  bend  or  a  cold  trap  could  be  considered  specific  baffle  designs. 
In  some  instances  a  baffle  is  used  to  prevent  the  condensation  pump  oil  from 
diffusing  upstream  into  other  parts  of  the  apparatus.  A  baffle  designed  by 


FT  l/W 


BAFFLE 
PLATES - 


-///■/:  :v/i 


17/! 


TO  VACUUM 
PUMP 


'ZUU7)  B 


fig.  44.  Metal  cold  traps. 


More,  Humphreys,  and  Watson"’  is  shown  in  Figure  44A.  The  inner  con- 

ta;r,u07,efrigcrallt  iS  Surrounded  by  two  helical  ramps  fastened  to  the 
cold  thimble.  Another  common  type  of  baffle  is  shown  in  Figure  44B 

themin'1  th  °l  °‘  decreasin8  diameters  has  tubing  fastened 

thereto,  through  which  cold  water  or  a  suitable  refrigerant  can  flow.  In 

some  instances,  when  continuous  operation  is  desired,  the  tubing  becomes 
the  expansion  zone  of  a  Freon  compressor  system. 

More>  HumPhreys,  and  Watson,  liev.  Sci.  Instrument,,  8,  263  (1937). 
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Mechanical  baffles,  as  distinct  from  cold  traps,  are  not  commonly  used  in 
small  laboratory  installations.  Their  importance  in  pilot-plant  and  com¬ 
mercial  installations  is  apparent. 


VII.  LEAK  DETECTION 

As  vacuum  stills  are  made  more  complex,  the  chance  for  leaks  increases. 
Systems  which  are  assembled  with  gasketed  joints,  metal  welds,  rotating 
seals,  and  so  on  are  rarely  absolutely  tight.  A  certain  amount  of  air  in¬ 
leakage  is  usually  tolerated,  the  degree  depending  on  ( 1 )  the  standard  of 
tightness  established,  and  ( 2 )  the  balance  between  pump  size  and  leakage 
rate.  One  of  the  trying  difficulties  in  operating  vacuum  equipment  is  too 
often  the  time-consuming  leak  hunting  which  plagues  many  an  operator. 
There  are  various  time-honored  methods  of  approach  and  useful  instru¬ 
ments  which  can  shorten  the  hours  often  consumed  in  fruitless  search. 
Whenever  possible,  the  system  should  be  put  under  pressure  and  the  large 
leaks  detected  and  closed  prior  to  evacuation. 

A  summary  of  variations  of  the  pressure  technique  is  given  in  Table 
XXIV,  Part  A.  Internal  pressures  of  5  lb.  or  more  are  desirable,  although 
less  pressure  can  be  used  for  large  leaks.  In  instances  in  which  the  vessel  oi 
system  cannot  be  put  under  pressure,  one  of  the  various  vacuum  methods 
outlined  in  Table  XXIV,  Part  B,  can  be  used.  In  attempting  to  find  leaks 
by  smearing  the  suspected  area  with  vacuum  grease  or  painting  with  Glyp- 
tal,  one  should  remember  that  it  is  very  difficult  to  fuse  glass  or  repair  a 
metal  weld  after  the  sealant  has  been  drawn  into  a  pinhole  or  small  crack. 

For  glass  apparatus  the  Tesla-coil  is  still  a  useful  tool.  A  hand  instru¬ 
ment  can  be  obtained  from  scientific  supply  houses.  The  system  is  put 
under  moderate  vacuum  (0.01  to  1  mm.)  and  the  probe  of  a  Tesla-coil 
played  on  the  suspected  joint.  The  most  minute  pinholes  will  permit  the 
direct  passage  of  a  spark  to  the  interior  of  the  vessel,  whereas  a  uniform 
glow  will  result  over  a  nonleaky  portion  of  the  apparatus.  If  desired,  the 
leak  can  be  proved  by  applying  acetone,  carbon  tetrachloride  diet  y 
ether  etc.  on  the  suspected  spot  and  sparking  the  apparatus  with  the  coil. 
A  characteristic  glow  of  the  vapor  used  will  result  when  the  solvent  is 
drawn  into  the  vacuum  chamber.  Compounds  containing  chlorine  give  a 
greenish  glow  and  hydrocarbons,  diethyl  ether,  and  water  vapor  a  gieenis  i- 
gray1  glow,  while  air  gives  a  red  or  pink  discharge.  Precautions  shou  d  b 
taken  in  using  a  high-frequency  discharge,  for  an  intense  spark  cam itse  f 
puncture  a  hole  in  thin  glass.  The  outgassing  ot  a  glass  system  can 
•derated  by  intermittently  ionizing  the  gas  by  means  ol  a  high-frequency 
dtharge.  Obviously,  the  spark  test  cannot  be  used  for  metal  equipment. 
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The  halogen-ion  detector (see  Table  XXIV  B)  is  more  sensitive  than 
the  soap-bubble  test.  It  is  based  on  the  observation  that  heated  platinum 
shows  a  sharp  increase  in  positive  ion  emission  when  in  contact  w ith  a  gas 
or  vapor  containing  halogens.  In  using  the  device  the  system  is  put  under 
positive  pressure  of  a  halogen-bearing  gas  or  a  mixture  of  such  gas  and 
air.  The  gas  escaping  through  a  leak  is  drawn  by  means  of  a  self-contained 
fan  into  and  through  the  sensitive  element.  If  it  is  not  practical  to  put  the 
system  under  a  positive  pressure,  the  sensitive  element  can  be  sealed  in  the 
vacuum  system,  probably  in  the  fore-pressure  line,  and  the  system  probed 
with  halogen-bearing  gas.  When  a  leak  is  approached,  the  halogen  gas  is 
“sucked”  through  the  leak  and  quickly  detected  by  the  platinum  electrode. 
As  an  alternate  location,  the  device  could  be  attached  to  the  discharge  post 
of  the  mechanical  fore-pump,  with  suitable  means  being  provided  to  trap 
out  entrained  oil  globules,  and  the  same  probing  procedure  followed.  Typi¬ 
cal  halogen  compounds  which  can  be  used  are  chloroform,  carbon  tetra¬ 
chloride,  and  Freon.  An  amplifier  can  be  substituted  for  the  microam¬ 
meter  and  the  sensitivity  of  the  instrument  increased. 

A  simple  and  less  sensitive  halogen  detector  is  an  acetylene  burner  or  gas 
bunsen  burner,  equipped  with  a  copper  plate  supported  in  the  flame.  The 
air  intake  to  the  burner  is  through  a  rubber  hose  which  is  moved  about  near 
the  suspected  leak,  as  above.  Halogen-bearing  gas  or  vapor  escaping 
through  the  leak  of  the  system  under  pressure  is  drawn  into  the  flame,  im¬ 
parting  a  bright  green  color  from  the  reaction  of  the  halide  with  the  hot 
copper  plate. 

The  varying  sensitivity  with  composition  of  gases  of  the  Pirani  or  ther¬ 
mocouple  gage  can  be  put  to  practical  use  in  leak  hunting.  The  sensitivity 
is  highest  for  gases  of  high  thermal  conductivity,  such  as  hydrogen  and 
helium,  and  lowest  for  “heavier”  gases.  Therefore,  if  a  gas  or  vapor  which 
is  either  lighter’  or  “heavier”  than  air  is  played  on  a  suspected  leak  while 
the  system  is  under  vacuum,  a  leaky  spot  will  produce  a  sharp  deflection 
of  the  Pirani  gage.  Either  natural  or  illuminating  gas  can  be  used  in  place 
of  hydrogen  or  helium  as  a  probe  gas.  Also,  propane,  acetone,  or  carbon 
tetrachloride  vapor  sprayed  onto  the  suspected  joint  have  been  used.  This 
method  is  limited  to  leaks  of  such  size  that  a  vacuum  of  between  5  and 
200  n  can  be  established,  which  is  the  most  useful  range  of  the  Pirani  gage 
for  this  purpose.  Thermocouple  gages  can  be  used  for  this  purpose  al¬ 
though  the  Pirani  is  more  sensitive. 

The  most  sensitive  of  all  instruments  for  detection  of  leaks  is  the  mass 
spectrometer  hdium  detector."’  A  modification  of  the  original  mass  spec- 

118  White  and  Hickey,  Electronics,  21,  100  (1948). 

119  Nier,  Stevens,  Hustralid,  and  Abbott,  J.  Applied  Phvs  ir  m  noi7\  t  i 

and  Zuhr,  ibid.,  18,  34  (1947).  J  ’  8’  30  (1947)-  Jacobs 
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trometer  of  Aston  and  Dempster-  “tuned"  to  helium  ions  affords  the  basis 
for  the  detecting  instrument.  If  a  singly  charged  positive  ion  of  molar 
mass  M  is  accelerated  by  a  negative  potential  gradient  ol  A  volts  and  pro 
jected  into  a  magnetic  field  of  strength  of  H  gauss,  it  is  bent  into  a  circular 
path  of  radius  r  centimeters,  according  to  the  relation : 

r2  =  2070  (EM/H2) 


This  follows  from  the  fundamental  relationship: 

e/m  =  2E/H~r 2 

Therefore,  for  a  fixed  value  of  E  and  H,  ions  of  different  mass  will  have  dif¬ 
ferent  radii.  Electrons  from  an  ion  source,  on  striking  helium  and  other 
gas  atoms,  knock  out  electrons  thereby  forming  positive  ions.  By  means 
of  a  strong  potential  gradient,  the  positive  ions  are  quickly  pulled  from  the 
ionizing  zone,  both  to  accelerate  them  in  a  path  at  right  angles  to  the  field, 


MECHANICAL  HELIUM  (OR  OTHER 

ROUGHING  PUMP  LEAK  DETECTOR  ) 


VACUUM  SYSTEM  HELIUM  (OR  OTHER 
UNDER  TEST  PROBE  GAS) 


Fig.  45.  Typical  leak  detector  -  vacuum  system  arrangement. 


as  well  as  to  remove  them  from  the  high  electron  density  where  recombina¬ 
tion  with  electrons  might  occur.  In  passing  through  the  magnetic  field,  the 
ions  are  sorted  out  according  to  their  mass  and  charge.  A  collector  plate  is 
placed  to  receive  only  the  helium  ions,  which  when  present  cause  a  positive 
current  to  flow  through  an  amplifier  circuit,  and  thence  to  a  meter. 

Figure  45  shows  an  arrangement  of  a  vacuum  system  and  a  leak  detector. 
I  he  leak  detector  has  self-contained  vacuum  pumps  which  maintain  a 
pressure  lower  than  that  needed  for  the  suspect  system  during  test.  The 
system  under  test  is  first  exhausted  with  its  own  fore-pump  and,  when 
the  pressure  is  sufficiently  low,  the  throttle  valve  admitting  gas  from  the 
system  to  the  leak  detector  is  opened.  The  degree  of  opening  will  depend 
on  the  vacuum  in  the  system  under  test.  A  fine  jet  of  helium  is  played  on 

]-°  Aston,  Phil.  Mag.,  38,  707  (1919).  Dempster,  Phys.  Rev.,  11,  316  (1918). 
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the  suspected  joints.  A  leak  will  almost  instantly  be  revealed  on  the  output 
meter  of  the  detector.  A  “squealer”  device  can  be  hooked  into  the  circuit 

to  permit  one  person  to  hunt  leaks  at  locations  where  the  meter  is  not 
readily  watched. 

Helium  was  chosen  for  the  probe  gas  for  the  following  reasons: 

(1)  Helium  is  a  rare  gas  in  the  atmosphere  (1  part  in  200,000);  therefore  a  low 
background  level  is  established.  (2)  The  helium  ion  has  a  distinct  and  individual 
location  on  the  ion  spectrum  and  thereby  eliminates  the  possibility  that  an  ion  of 
any  other  gas  might  be  mistaken  for  helium.  ( 3 )  Its  rate  of  diffusion  through  the 
leaks  and  through  the  vacuum  systems  is  rapid,  being  exceeded  only  by  hydrogen. 
(4)  It  is  plentiful  and  readily  available  in  this  country. 

The  instrument  will  detect  one  part  helium  in  200,000  parts  of  air  and, 
on  occasion,  this  can  be  increased  several  times.  Under  such  dilutions  the 
helium  has  a  partial  pressure  of  about  5  X  10~n  mm.  mercury.  The 
quantity  of  helium  flowing  through  the  spectrometer  tube  corresponds  to 
about  1.5  X  10-6  micron  liters  per  second.  In  comparison  with  pumping 
speeds  in  tens  and  hundreds  of  micron  liters  per  second,  the  size  of  leaks 
that  can  be  detected  are  really  infinitesimal.  The  application  of  the  mass 
spectrometer  to  the  detection  of  leaks  has  been  described  by  Worcester 
and  Doughty121  and  by  Thomas,  Williams,  and  Hippie.122  The  proper  use 
of  the  instrument  and  the  optimum  balance  of  exhaust  speed  versus  volume 
of  the  system  have  been  analyzed.123  For  rapid  response,  a  speed  of  ex¬ 
haust  comparable  to  or  greater  than  the  volume  of  the  chamber  under  test 
is  desirable. 


VIII.  VACUUM  FITTINGS 


Even  though  it  is  desirable  to  eliminate  as  many  temporary  joints  as 
possible,  rubber-tubing  connections  and  rubber-gasket  flanged  joints  have 
their  place  in  assembling  vacuum-distillation  equipment.  In  joining  glass 
tubes,  rubber  tubing  can  be  successfully  used  (see  Fig.  46).  Small-diameter 
(<1  'em.  O.D.),  good  quality,  heavy-wall,  rubber  tubing  is  recommended. 
A  standard  red  rubber  tubing  with  a  3/i6-in.  I.D.  and  a  V2-in.  O.D.  is 
adaptable  to  8-mm.  O.D.  glass  or  metal  tubing.  The  wall  thickness  should 
be  such  that  the  tubing  will  not  collapse  when  vacuum  is  applied.  By 
leaving  a  gap  of  a  half  inch  or  so  between  the  two  ends  of  the  tubes  being 
joined,  a  pinch  clamp  can  be  used  to  seal  off  sample  bottles,  gages,  conden¬ 
sate  from  a  cold  trap,  etc. 


Worcester  and  Doughty,  Trans.  Am.  Inst.  Elec.  Engrs.,  65,  946  (1946) 
i**  Thomas,  Williams,  and  Hippie,  Rev.  Set.  Instruments,  17,  368  (1946);  Westing- 


house  Engr.,  6,  108  (1946). 

i»  Jacobs  and  Zhur,  J.  Applied  Phys.,  18,  34  (1947) 
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For  joining  tubes  of  intermediate  diameter  (Fig.  46B),  between  1  an 
cm.,  rubber  tubing  of  2-3  mm.  wall  thickness  can  be  used.  ^  There  should 
be  no  gap  between  the  ends  of  the  tubes,  or  the  rubber  may  suck  in.  in 
both  this  case  as  well  as  in  that  of  the  smaller  diameter  tubes,  the  inner 
diameter  of  the  rubber  tubing  should  be  in  the  range  of  5  15%  sma  er 
than  the  outer  diameter  of  the  tube  over  which  it  slips.  The  elasticity  ot 
the  tubing  will  determine  the  amount  of  stretch  that  can  be  accomplished , 


(A) 


RUBBER  TUBING 


GLASS (OR  METAL) 
TUBING 


(  B  ) 


Fig.  46.  Glass- to-glass  connections:  (A)  small  diameter;  (B)  intermediate  diameter; 

(C)  large  diameter. 


the  tighter  the  better.  In  general,  soft  rubber  (durometer  <45)  is  to  be 
preferred  to  the  harder  grades  (durometer  >45).  The  inside  of  the  rubber 
sleeves  and  the  outside  of  the  joining  tubes  should  be  smeared  with  castor 
oil,  vacuum  grease,  or  other  low-vapor-pressure  lubricant  (see  Table  XXV). 
This  serves  the  double  purpose  of  lubricating  the  parts,  thereby  making  the 
tube  insertion  easier,  and  sealing  the  minute  air  gap  between  the  rubber 
sleeve  and  the  tube.  If  the  surfaces  are  dry  they  will  invariably  leak; 
therefore,  joints  of  this  type,  and,  in  general,  all  rubber  joints,  should  never 
be  made  without  a  sealing  lubricant. 

For  large  diameters  (I.D.  >5  cm.),  standard  flanged  joints  as  shown  in 
igure  46C  are  recommended.  These  can  be  obtained  commerciallv  in 
various  sizes.  Rubber  or  synthetic  gasket  material  of  durometer  hardness 
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TABLE  XXV 

Sealing  by  Lubricating  Compounds  with  Vapor  Pressures  Less  than  1  Micron 

at  25  °C. 


,  Compound 

Condensation  and  booster  pump  fluids 
Castor  oil 
Celvacene-lighta 
Celvacene-medium0 

Celvacene-heavya 

Myvacene-Sa 
Silicone  grease6 
Apiezon  Lc 
Apiezon  M  and  Nc 
Apiezon  Qc 


Apiezon  We 


de  Khotinsky  cementd 
Picein' 

Glvptal  lacquer7 
Shellac 


Properties 

Liquid  at  room  temperature,  low  viscosity 
Liquid  at  room  temperature,  high  viscosity 
M.p.  about  90  °C.,  thin  grease 
M.p.  about  120  °C.,  between  “light”  and 
“heavy” 

M.p.  about  130 °C.,  more  viscous  than 
“light” 

M.p.  greater  than  300 °C.,  light,  tacky  grease 
M.p.  greater  than  300 °C.,  light,  tacky  grease 
Thin  grease 
More  viscous  than  “L” 

Graphite  mixed  with  low-vapor-pressure 
paraffin  oil  residues.  Semisolid  at  25  °C. 
Used  like  putty  to  seal  joints,  etc. 

Wax.  Useful  for  waxing  joints  in  glass  or 
metal.  Softens  at  60-70  °C.  Soluble  in 
xylene 

Mixture  of  shellac  and  pitch.  Softens  at 
50  °C. 

Hard  black  wax  (rubber,  shellac,  bitumen). 
Softens  at  50  °C. 

Dries  to  a  hard  film.  Useful  for  painting 
threaded  joints  in  metal  pipe  lines 
Addition  of  butyl  phthalate  as  plasticizer 
prevents  cracking  of  the  dried  film 


a  Distillation  Products  Industries,  Rochester,  New  York. 
b  Dow  Corning  Corporation,  Midland,  Michigan. 

c  Metropolitan-Vickers  Electrical  Company,  Ltd.,  Manchester,  England;  marketed 
by  James  G.  Biddle  Company,  Philadelphia,  Pennsylvania. 
d  Central  Scientific  Company,  Chicago,  Illinois. 
e  Schrader  and  Ehlers,  New  York,  New  York  (importers). 

7  General  Electric  Company,  Schenectady,  New  York. 


between  50  and  70  is  generally  used.  Also,  the  scheme  shown  in  Figure 
47B  is  applicable. 


GASKET 


SPACER 

FLANGE 


PACKING  NUTn 


(B) 


Fig.  47.  Glass-to-metal  joints:  (A)  small  tubing;  (B)  large  tubing. 


In  making  glass-to-metal  joints,  a  gasket  or  rubber-tubing  connection  of 
some  sort  is  commonly  used.  The  refinement  of  a  graded  glass-to-metal 
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seal  is  rarely  used  in  assembling  high-vacuum  distillation  apparatus.  Glass 
tubes  can  be  joined  to  metal  tubes  by  the  scheme  shown  in  Figure  4GA  or 
in  Figure  46B.  An  assembly  shown  in  Figure  47A  can  be  used  tor  inserting 
glass  tubes,  such  as  a  Pirani  gage,  into  a  metal  chamber  Modifications 
of  this  general  scheme  have  been  described  elsewhere.124  A  rubber  section 
is  squeezed  by  a  compression  nut  against  the  tube  and  the  side  wall,  t  us 
sealing  both  surfaces.  For  large  diameters,  a  gasket  joint  such  as  shown  in 
Figure  47B  can  be  used.  The  metal  flange  can  be  the  base  of  a  vacuum 
chamber  or  a  separating  washer  between  a  glass-to-glass,  metal-to-glass, 
or  metal-to-metal  section.  A  special  molded  gasket  is  ordinarily  used  for 
this  purpose. 

Flanged  metal  joints  can  be  made  in  many  different  ways.  Some  of  the 
common  patterns  are  shown  in  Figure  48.  With  reasonable  care  in  as¬ 
sembly  and  alignment  the  simpler  designs  are  frequently  satisfactory. 


(A)  <  B)  (C) 

Fig.  48.  Metal  flange -gasket  assemblies. 


Plain  flat-surface  flanges  can  be  used  successfully  if  the  surfaces  can  be  drawn 
up  with  uniform  tightness  against  a  lubricated  gasket.  A  flange  with  a 
single  recessed  groove  into  which  is  inserted  a  square  or  rectangular  gasket 
is  a  refinement  over  the  flat  surface.  A  double  recessed  groove  is  a  further 
refinement.  The  inner  gasket  provides  the  vacuum  seal  while  the  outer 
one  forms  a  confined  space  which  can  be  evacuated  with  an  auxiliary  vac¬ 
uum  pump,  air  pressure  or  probe  gas  pressure  applied  therein,  and  the 
response  of  the  vacuum  gage  on  the  system  noted.  This  is  particularly 
helpful  in  leak  hunting  in  complicated  systems  with  many  flanged  joints. 

1  vpical  examples  ot  sliding  and  rotating  shaft  seals  are  shown  in  Figure  49. 
In  all  cases  it  is  advantageous  to  have  an  oil  reservoir  on  the  atmospheric 
side  of  the  seal.  For  a  vertical  mounted  shaft,  as  shown  in  Figure  49A, 
sufficient  height  is  allowed  on  the  bearing  and  seal  housing  to  afford  space 
for  an  oil  pool  above  the  oil-retainer  seal.  For  horizontally  mounted  shafts 

(fig.  49B  and  (  )  a  double  seal  or  packing  is  commonly  used  with  an  oil- 
filled  space  between  the  two. 

The  circular  gaskets  of  round  cross  section  known  as  “0”  rings  can  be 
adapted  to  the  examples  given  and  to  many  other  designs.  The  manufac- 

Lauritsen  and  Lauritsen,  Rev.  Sci.  Instruments,  19,  919  (1948). 
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turer  gives  information  on  the  proper  selection  of  sizes  for  any  particular  ap¬ 
plication.  1 

As  a  final  precaution,  dry  joints  usually  leak.  If  it  is  undesirable  to 
lubricate  the  mating  surfaces,  as  a  second  choice  the  edge  to  the  atmosphere 
should  be  oiled  or  smeared  with  a  suitable  vacuum  grease. 


ROTATING  OR 
SLIDING  SHAFT 


PACKING  NUT 


PACKING 

LANTERN  RING 
PACKING 


L,  JUL-  ,J 


OIL-CUP  OPENING 


VACUUM  (C) 

Fig.  49.  Sliding  and  rotating  seals. 


DETAIL  OF 
LANTERN  RING 


Fore-pressure  lines  are  generally  of  such  size  that  standard  pipe  can  be 
used.  In  making  up  threaded  joints  on  standard  pipe,  it  is  advisable  to 
smear  the  threads  with  a  sealing  compound,  preferably  of  a  nonhardening 
type.  After  the  joint  is  tightly  drawn  together  the  contact  between  the 
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two  pieces  can  be  coated  with  Glyptal  if  the  joint  is  found  to  be  leaky  on 
test.  A  well  made  threaded  joint  can  be  tight  and  is  considerably  simp  er 
than  welded  pipeline  construction. 

In  selecting  valves  for  metal  systems,  the  choice  will  depend  to  some  ex¬ 
tent  on  the  pressure  region  in  which  they  are  to  be  used.  If  a  valve  is  to 
be  inserted  in  the  high-vacuum  line  (0.1  to  10  n),  a  valve  with  low  imped¬ 
ance  should  be  selected,  that  is,  one  in  which  very  little  reduction  in  cross- 
sectional  area  takes  place  when  the  valve  is  open.  Some  impedance  in  the 
fore-pressure  line  can  be  tolerated.  Valves  whose  packing  glands  have  been 
replaced  by  a  sylphon  bellows  arrangement  have  decreased  the  possibility 
of  leaks  from  that  source.  When  glass  stopcocks  are  used,  one  should  select 
those  with  large  bores  and  preferably  with  oil-sealing  cup  arrangement  at¬ 
tached. 


IX.  INTEGRATED  SYSTEMS 


Having  discussed  the  basic  components  which  go  into  a  distillation  sys¬ 
tem,  we  can  now  consider  the  construction  of  a  typical  laboratory  assembly. 
Let  us  refer  to  Figure  50  and  take  the  example  of  a  batch  pot  still  with  an 
outer  tube  12  cm.,  an  inner  tube  6  cm.  in  diameter,  and  a  distance  of  12  cm. 
between  the  base  of  the  inner  tube  and  the  side-arm  vacuum  connection. 
It  would  be  nice  to  know  the  total  gas  load  so  that  a  speed  of  exhaustion 
could  be  mathematically  determined.  Since  there  are  many  factors  in¬ 
volved,  such  as  liberation  of  dissolved  gases,  thermal  decomposition,  and  air 
inleakage,  a  quantitative  value  of  the  gas  load  is  rarely  known  for  all  the 
samples  which  will  be  examined.  A  few  trial  runs  in  a  given  piece  of  equip¬ 
ment  will  soon  establish  whether  sufficient  pumping  capacity  is  available 
at  the  distilling  zone.  Pressure  measurements  at  the  still  will  give  a  direct 
indication  of  the  effective  pumping  speed. 

Lacking  data  or  experience,  a  first  approximation  can  be  made  by  pro- 
\  iding  a  still  of  evaporating  surface  of  A  square  centimeters,  with  a  speed 
of  exhaust  of  approximately  1/i  A  micron  liters  per  second.  In  the  ex¬ 
ample  chosen,  the  still  has  an  evaporating  area  of  about  80  cm.2  and,  by 
the  rule  of  thumb  above,  an  exhaust  speed  of  20  micron  liters  per  second 
s  lould  be  available  at  the  still.  Furthermore,  if  we  assume  the  distillation 

will  be  done  at  2  M>  a  speed  of  10  liters  per  second  would  be  equivalent  to  20 
micron  liters  per  second. 


As  experience  is  gained,  sizes  of  pumps  and  connecting  tubing  can  be 
est, mated  for  any  given  size  still  without  a  complete  mathematical  analysis 
of  every  detail  of  gas  flow  through  the  system.  However,  as  an  exercise  in 
emonstrat ing  a  method  of  approach  and  the  effect  of  tubing  and  obstruc¬ 
tions  in  h,gh-vacuum  systems,  an  analysis  of  the  distillation  train  in  Figure 
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50  is  presented.  As  a  simplification,  it  is  assumed  that  the  gas  is  air  at 
25°C.  and  the  numerical  formulas  as  given  in  an  earlier  section  apply.  First 
of  all,  dissolved  air  liberated  Irom  the  still  charge  will  find  resistance  in  en- 


Fig.  50.  Typical  pressure -gas  flow  relationship  in  a  distillation  system.  P,  pressure 
in  microns  of  mercury.  S,  gas  flow  in  liters  per  second. 


tering  the  space  between  the  condensing  tube  and  the  outside  wall.  Since 
the  upstream  area,  A',  is  not  large  compared  to  the  downstream  area,  A, 
the  aperture  conductance  is: 


F0  =  11.7A  =  11.7tt(52  -  32)  =  590 

A'  _  25t t _  _  25  _  2  g 

A'  -  A  ~  25tt  -  tt(25  -  9)  9 

Hence:  F\  =  590  X  2.8  =  1650  liters  per  second. 

The  gas  will  next  find  resistance  in  passing  between  the  walls  of  the  still 
and  the  condenser.  The  conductance  along  this  concentric  path  is . 

F,  =  11.7 A  (r2/l)x  =  590  X  6/i2  X  1-07  =  262  liters  per  second 
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Molecules  will  find  little  difficulty  in  entering  the  side  arm  from  the 
still;  the  area  of  approach  is  comparable  to  the  area  of  the  opening. 
Therefore,  the  so-called  long-tube  formula  will  apply  (even  though  t  < 
50 d)  since  no  end  correction  need  be  included. 

F3  =  12.2  ( d3/l )  =  12.2  (125/12)  =  127  liters  per  second 

Proceeding  next  to  the  trap,  we  can  use  equation  (42)  for  the  design  shown 
in  Figure  33A.  Hence: 

F[  =  130  liters  per  second 

This  is  the  conductance  at  25°C.  If  the  trap  is  to  be  filled  with  dry  ice, 
and  assuming  the  gas  flowing  through  is  at  the  temperature  of  the  cold 
thimble,  — 78°C.,  the  conductance  will  be  \/l95/298  X  130,  or: 

Fi  =  105  liters  per  second 

« 

In  flowing  from  the  trap  to  the  side  tube,  no  end  resistance  need  be  con¬ 
sidered  since  the  area  of  approach  is  comparable  to  the  tube  entrance  area. 
The  connecting  tubing  between  the  trap  and  the  pump  dome  has : 

F5  =  12.2  ( d3/l )  =  12.2  (125/10)  =  153  liters  per  second 

The  dome  shown  will  have  a  negligible  resistance.  However,  were  a 
baffle  included  an  additional  reduction  in  speed  of  50  to  80%  could  be  ex¬ 
pected.  For  this  example,  we  shall  assume  that  the  pump  either  with  or 
without  a  baffle  is  a  unit  with  a  speed  of  SB  liters  per  second.  Having  es¬ 
tablished  the  conductance  of  the  various  components  between  the  evapo¬ 
rating  surface  and  the  oil  booster  pump,  we  can  now  arrive  at  a  size  required 
to  fulfil  the  prescribed  condition  of  10  liters  per  second  at  the  distilling 
zone.  Solving  for  F  in  the  equation  l/F  =  1/Ft  . . .  1/F6: 


1  /Pn 


1  = 

1650 

0.0006 

2  = 

262 

0.0038 

3  = 

127 

0.0078 

4  = 

105 

0.0095 

5  = 

153 

0.0065 

Total 

8*ves:  F  =  35.5  liters  per  second 


Sin<  e  the  speed  of  exhaust,  Fs,  has  been  estimated 
second  the  required  speed  of  the  oil-booster  pump,  S 
from  the  relationship: 


to  be  10  liters  per 
b,  can  be  obtained 


600 


J.  C.  HECKER 


5.  “  £  +  \  m  £  “  k  -  f  =  01  -  0  02S2  -  0-0718 
or:  $b  =  13-9  liters  per  second 

Therefore,  a  booster  pump  (or  pump  plus  baffle)  with  a  speed  of  13.9  liters 
per  second  will  exhaust  10  liters  per  second  from  the  distilling  zone  through 
this  interconnecting  system.  A  reduction  in  effective  speed  of  39%  through 
interconnecting  tubes  and  baffles  is  not  unusual  in  high-vacuum  practice. 

From  the  specifications  and  performance  curves  of  the  pump  selected, 
the  fore-pressure  into  which  the  gas  will  be  compressed  can  be  determined. 
For  this  example  we  shall  take  70  ix.  Up  to  the  first  oil-vapor  pump  intake, 
the  flow  is  essentially  molecular,  but  after  passing  through  the  pump  and 
being  compressed  to  a  fore-pressure  value  of  70  n  into  a  tube  1.4  cm.  in 
diameter,  the  flow  is  in  the  intermediate  zone,  Pd  =  98  >  2.  In  compress¬ 
ing  the  gas,  the  volume  flow  rate  decreases  to  1.4/70  of  its  value  on  entering 
the  pump,  or  to  0.28  liter  per  second.  In  contrast  to  this  the  micron  liter 
flow  rate  of  20  micron  liters  per  second  is  constant  throughout  the  system 
(less  any  air  inleakage  along  the  path  or  decomposition  vapors  from  the 
oil-vapor  pumps). 

Assuming  the  first  oil-vapor  booster  pump  is  connected  to  a  second  oil- 
vapor  booster  pump  by  a  20-cm.  length  of  1.4-cm.  I.D.  tubing,  from  Figure 
2  we  can  calculate  that  the  conductance  would  be  about  3.7  liters  per  sec¬ 
ond.  The  second  vapor  pump,  size  SR,  can  be  determined  from: 


1 

S  = 

or: 


!  +  I 

S,  F 


or 


1  _  1  _  1 _ 1 _ 1_ 

SE~  S  F~  0.28  3.7 

SB  =  0.30  liter  per  second 


3.57  -  0.27  =  3.30 


the  required  speed  of  the  oil-vapor  ejector  pump. 

From  the  specifications  of  the  pump  selected,  the  fore  pressure  against 
which  it  will  operate  can  be  determined.  For  this  example,  assume  that  in 
going  through  the  pump  the  gas  is  compressed  to  about  200  n,  thereby  re¬ 
ducing  the  volumetric  flow  rate  to  about  0.10  liter  per  second.  Assuming 
we  use  a  30-cm.  length  of  8-mm.  tubing  to  join  the  second  vapor  pump  to 
the  mechanical  pump,  the  Pd  factor  then  becomes  160  and  F  =  0.65  liter 
per  second.  The  pump  size  is  determined  as  before  from : 

1  _  1  _  1  _  1  1 
Sm  ~  S  F~  0.10  0.65 


SM  =  0.12  liter  per  second 

the  required  mechanieal  pump  speed  to  remove  the  gases  to  the  atmos¬ 
phere.  As  an  indication  of  the  size  of  rotary  pump,  a  Cenco  Hyvac  has  a 
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speed  of  0.10  liter  per  second  and  a  Cenco  Megavac  a  speed  of  0.30  litei 

per  second  in  the  200  y  pressure  region. 

If  the  oil-vapor  pump  could  compress  gas  to  twice  the  fore  pressure,  a 
fore-pump  of  only  half  the  size  would  be  necessary.  There  have  been  efforts 
made  along  this'line  during  the  past  several  years,  resulting  in  the  design 
of  oil-vapor  ejector  booster  pumps  which  will  operate  into  fore  piessuies  in 
the  1-10  mm.  mercury  range.  Also,  oil-vapor  pumps  have  been  developed 
which  combine  the  action  of  the  first  and  second  oil-vapor  pumps,  one  such 
pump  replacing  two.  A  pump  of  this  general  design  is  shown  in  F  igure  39. 

As  a  generalized  summary,  an  approach  to  the  design  of  a  laboratory 
high-vacuum  distillation  system  can  be  made  along  these  lines: 

( 1 )  Calculate  or  estimate  the  evaporating  area  in  A  square  centimeters  and 
thereby  establish  an  exhaust  speed  of  1/i  A  micron  liters  per  second.  Determine 
the  operating  vacuum,  y,  and  establish  the  liters  per  second  by  dividing  x/\  A 
micron  liters  per  second  by  y,  the  pressure  in  microns. 

(£)  Lay  out  the  interconnecting  piping,  trap,  etc.  between  the  still  and  the  oil- 
vapor  pump.  Calculate  the  resulting  conductance  and  the  pump  size  required. 
If  less  than  50%  of  the  rated  pump  speed  is  utilized,  open  up  the  vacuum  lines  to 
cut  down  the  resistance. 

(3)  Select  an  oil-vapor  pump  with  optimum  pumping  characteristics  at  the  de¬ 
sired  operating  vacuum,  and  preferably  one  with  a  high  fore-pressure  breakdown. 

U)  Continue  as  in  ( 2 )  for  the  next  stage  of  interconnecting  piping,  and  so  on  to 
the  mechanical  fore-pump. 

As  a  practical  matter,  for  both  vapor  and  mechanical  pumps  the  next 
largest  sized  pump  available  is  used  in  each  case,  the  extra  capacity  being 
useful  for  shortening  pump-down  time  and  for  handling  traces  of  unpre¬ 
dictable  air  inleakage.  In  fact,  after  having  arrived  at  the  speed  required 
at  the  still  from  (/),  a  vapor  pump  having  at  least  50%  more  speed  can  be 
chosen  and  the  connecting  tubing  between  the  still  and  pump  so  chosen  to 
maintain  the  desired  conductance. 

A  schematic  diagram,  as  in  figure  50,  on  which  one  can  mark  the  various 
pertinent  data,  the  flow  rates,  and  the  pressures  at  different  points — the 
latter  depending  in  large  part  on  the  pumps  selected— will  be  of  assistance 
in  making  an  over-all  evaluation  of  any  contemplated  system. 
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SUBLIMATION 


R.  Stuart  TlPSON,  Mellon  Institute  of  Industrial  Research 


I.  INTRODUCTION 

When  crystals  vaporize  without  melting  and  the  vapor,  upon  cooling, 
condenses  directly  to  crystals,  the  process  is  called  sublimation.  The  initial 
solid  is  the  sublimand,  and  the  product  is  the  sublimate.  The  procedure  ol 
vaporizing  a  melt  and  directly  condensing  the  vapor  to  crystals  will  be  cal¬ 
led  quasisublimation.  Theoretically,  any  compound  which  distils  without 
decomposition  may  also  be  sublimed  at  appropriate  temperature  and  pres¬ 
sure;  however,  sublimation  may  be  immeasurably  slow,  even  under  opti¬ 
mal  conditions,  if  the  vapor  pressure  of  the  crystals  is  very  low. 

An  important  difference  between  distillation  and  sublimation  lies  in  the 
fact  that,  in  sublimation,  vapor  molecules  reach  the  solid-gas  interface 
principally  by  a  peeling-off  of  surface  layers,  whereas  in  distillation  this  is 
supplemented  to  a  much  greater  extent  by  diffusion  and  convection  in  the 
liquid  distilland.  Moreover,  sublimation  as  a  fractionation  procedure  suf¬ 
fers  from  the  supposed  impossibility  of  producing  reflux.  In  distillation, 
the  liquid  condensate  can  flow  by  gravity,  and  it  is  therefore  possible  to 
bring  about  countercurrent,  contact  distillation  or  a  series  of  multiple  re¬ 
distillations.  It  appears  that  no  satisfactory  countercurrent,  contacting, 
vertical  sublimator  has  been  devised,  presumably  owing  to  the  mechanical 
difficulties  involved.  Fractional  recrystallization  by  repeated  single  sub¬ 
limations  may  be  compared  with  repeated  fractional  recrystallization  from 
a  solvent  (see  Volume  III,  Chapter  VI,  this  series). 

Direct  crystallization  from  the  gas  phase  may  be  much  more  efficient 
than  distillation;  e.g.,  volatile  impurities  which  would  be  dissolved  in  a 
liquid  condensate  but  which  are  not  dissolved  or  appreciably  adsorbed  by 
the  crystalline  sublimate  can  be  removed.  Thus,  separation  of  volatile 
crystallizable  compounds  from  nonvolatile  substances,  and  from  volatile 
substances  which  do  not  condense  under  the  conditions  of  the  sublimation 
is  often  readily  accomplished.  Separation  of  compounds  which  are  of  com¬ 
parable  vapor  pressure  is  usually  not  readily  achieved  because  of  the  neces¬ 
sity  for  repeated  single  sublimations,  and  even  this  treatment  may  not 

603 


604 


E.  S.  TIPSON 


suffice.  \\  hen  applicable,  sublimation  may  give  a  high  yield  of  very  pure, 
crystalline  product,  and  the  process  is  often  rapid. 

II.  GENERAL  CONSIDERATIONS 

The  vapor  pressure,  p,  of  a  pure  heat-stable  compound  increases  with  the 
temperature  in  accordance  with  the  Clausius-Clapeyron  equation:1 

dp/dT  =  L/TV 


where  L  is  the  latent  heat  of  sublimation,  V  the  difference  in  volume  be¬ 
tween  vapor  and  solid,  and  T  the  absolute  temperature. 

In  the  phase  diagram  (Fig.  1)  the  curve  CP  depicting  the  relation  be¬ 
tween  temperature  and  vapor  pressure,2  at  equilibrium  between  the  solid 
and  its  vapor,  is  known  as  the  sublimation  curve ;  its  upper  limit  is  the  triple 
point,  P,  at  which  solid,  liquid,  and  vapor  coexist  in  equilibrium.  At  P, 
the  latent  heat  of  sublimation3  of  the  solid  is  equal  to  the  latent  heat  of 
fusion  plus  the  latent  heat  of  evaporation  of  the  liquid. 

On  heat  ing  at  atmospheric  pressure,  a  solid  will  eventually  melt  and  then 
boil  if  the  vapor  pressure  is  less  than  1  atmosphere  at  the  melting  point; 
it  will  sublime  if  the  vapor  pressure  reaches  1  atmosphere  at  a  temperature 
below  the  melting  point.  Thus,  if  X  (Fig.  1)  is  760  mm.,  the  crystals  sub¬ 
lime  at  Z.  For  example,  the  triple  point  of  cyanogen  iodide4  is  at  146° 
and  993  mm.;  hence  it  may  be  readily  sublimed  at  760  mm.  Below  the 
triple-point  pressure,  a  substance  is  not  stable  in  the  liquid  state.  Curve 
PY  represents  the  behavior  of  the  supercooled  liquid. 

Depending  on  the  information  available,  the  vapor  pressure  at  any  par¬ 
ticular  temperature,  T,  may  be  estimated  by  means  of  the  Clausius- 
Clapeyron  equation  or  the  following  empirical  formulas.  In  a  univariant 
system,  the  vapor  pressure,  p,  is  approximately5  given  by 

log  p  =  7.53  -  (2.95T,  +  Y59Tk)/T 
where  Tk  is  the  boiling  point  and  Ts  the  melting  point,  or:6 


i  Hume-Rotherv,  Phil.  Mag.,  28,  465  (1939).  Milosavl6vic,  C.  A.,  41,  4347,  5766; 
Compt.  rend.,  224,  731,  1345  (1947).  Compare  Elgin  et  al,  Chemical  Engineers’  Hand¬ 
book,  McGraw-Hill,  New  York,  1941,  p.  624. 

^  Ramsay  and  Young,  Trans.  Roy.  Soc.  London,  175, 37  (1884).  Strubm,  Chem.  App., 

16,139(1929).  _  ,  ,  „ri,  .... 

•  Wolf  and  Weghofer,  Z.  physik.  Chem.,  B30,  194  (1938).  Dunken  and I  Wolf '  ,b,d 

B38,  441  (1938).  Kitalgorodskil,  C.  A.,  40,  6929;  Acta  Physicochim.  U.  R.  S.  b.,  21,  37 J 
(!946). 

4  Ketelaar  and  Kruyer,  Rec.  Irav.  chim.,  62,  550  (1943). 

s  van  Liempt.  Z.  anorg.  allgem.  Chem.,  Ill,  280  (1920).  1u07. 

«  Duclaux,  Compt.  rend.,  214,  78  (1942).  Compare  Verschaffelt,  C.  A.,  21,  1907, 

Bull,  classe  sci.  Acad.  roy.  Belg.,  12,  641  (1926). 
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(1/0)  log  X  =  n  log  e  +  ce(6  -  1)(1  +  «3  -  2  8) (2  »  +  a  1 ' 

where  x  is  ratio  of  vapor  pressure  at  the  temperature  T  to  the  vapor  pres- 
sure  at  the  triple  point;  *  and  C  are  constants;  p  ,s  ratio  of  heat  o  sub¬ 
limation  to  heat  of  liquid  vaporization  at  the  triple  pojn  .  ‘b  r*  /t 
temperature  T  to  the  triple-point  temperature;  and  a  is  1  J  L  t)  i  J  , 
where  Te  and  Tt  are  the  critical  and  triple-point  temperatures,  respectively. 

The  temperature  at  which  the  vapor  pressure  equals  760  mm.  is  often 
referred  to  as  the  subliming  point.  It  is  as  characteristic  of  a  substance  as 
the  melting  point  and  may  be  changed  by  the  presence  of  another  gas. 


Fig.  1.  Effect  of  pressure  on  subliming  point  (CP), 
melting  point  (PD),  and  boiling  point  (PB). 


Unlike  the  melting  point  but  like  the  boiling  point  it  may  vary  enormously 
with  the  pressure  in  the  system.  The  temperature  at  which  deposition 
of  sublimate  becomes  noticeable  is  often  recorded  in  the  literature.  This  may 
not  be  the  true  subliming  point,  since  under  the  conditions  employed  the 
vapor  pressure  of  the  solid  may  never  reach  760  mm.  The  value  observed 
may  also  depend  on  the  apparatus  used.  For  example,  sublimation  of  in¬ 
digo  did  not  occur7  when  the  distance  between  sublimand  and  condensing 
surface  was  2.5  cm.,  but  when  it  was  0.01  to  0.1  mm.  a  sublimate  collected.8 
The  practical  subliming  point  has  been  defined7  as  the  lowest  temperature 
at  which  a  sublimate  discernible  under  the  microscope  is  obtained  when  the 
substance  is  maintained  for  twenty  minutes  at  that  temperature  in  a  stand¬ 
ard,  specified  apparatus  (see  Fig.  6  and  Table  II).  Ten  minutes  was 
chosen9  as  the  time  period  in  determining  the  subliming  points  of  certain 

7  H.  Hoffmann  and  W.  C.  Johnson,  J .  Assoc.  Ojjic.  Agr.  Chemists,  13,  367  (1930) 

8  Kempf,  Z.  anal.  Chem.,  62,  284  (1923). 

*  J.  W.  Brown,  Trans.  Roy.  Soc.  Can.,  Ill,  26,  173  (1932). 
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ammo  acids  under  vacuum.  In  a  group  of  700  organic  compounds,  the 
difference  between  the  subliming  point  and  the  melting  point  increased 
linearly  with  increase  in  the  melting  point.10 

In  order  to  melt  a  compound  which  sublimes  at  atmospheric  pressure,  it 
must  be  heated  at  elevated  pressure.  For  example,  hexachloroethane* 11 
melts  at  187°.  At  185°,  it  has  a  vapor  pressure  of  1  atmosphere.  Hence, 
it  readily  vaporizes  without  melting,  and,  on  cooling,  the  vapor  crystallizes 
without  first  giving  liquid  (see  Fig.  1).  On  heating  under  pressure,  hexa¬ 
chloroethane  melts  and  distils.  The  vapor  pressures  of  a  number  of  com¬ 
pounds  at  the  melting  point  are  given  in  Table  I.  Measurement  of  sub¬ 
limation  piessures  follows  the  principles  and  techniques  of  vapor-pressure 
measurements  in  general.12 


TABLE  I 

\  apor  Pressure  of  Some  Organic  Compounds  at  the  Melting  Point 


Compound 

Melting 
point,  °C. 

Vapor  pressure  at 
melting  point,  mm.  Hg 

Toluene . 

-95 

0.001 

p-Nitrobenzaldehvde . 

106 

0.01 

Benzoic  acid . 

120 

6 

Naphthalene . 

79 

7 

Acetic  acid . 

16.4 

9.45 

Hydroquinone . 

169 

14.1 

Benzene . 

5.5 

36 

Camphor . 

179 

370 

Hexachloroethane . 

187 

800 

Acetylene . 

-81.5 

912 

Cyanogen  iodide . 

146 

993 

Carbon  dioxide . 

-57 

5 . 1  atm. 

The  heat  of  sublimation,  i.e.,  the  energy  required  to  overcome  the  co¬ 
hesive  forces  of  the  crystal  and  transform  it  to  vapor,  depends  on  the  nature 
of  the  compound.  In  general,  each  chemical  group  contributes  to  the 
intermolecular  forces  according  to  its  location  in  the  molecule,  its  polarity, 
and  its  contribution  to  the  van  der  Waals  attraction,  particularly  its  abil- 

10  Kofler  and  Doser,  Die  Chemie,  55,  13  (1942).  L.  Kofler  and  A.  Kofler,  Mikro- 
Methoden  zur  Kennzeichnung  organischer  Sloffe  und  Stoffgemische,  Universitatsverlag 
Wagner,  Innsbruck,  1948. 

11  Staedel,  Ber.,  11,  1735  (1878). 

Coolidge,  J.  Am.  Chem.  Soc.,  45,  1637  (1923);  46,  680  (1924).  A.  S.  Coohdge 
and  M  S  Coolidge,  ibid.,  49,  100  ( 1927).  Compare  Thomson,  “Determination  of  \  apor 
Pressure,”  in  Weissberger,  ed.,  Physical  Methods  of  Organic  Chemistry,  2nd  ed.,  Inter¬ 
science,  New  York,  Part  I,  1949,  Chap.  V. 
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ity  to  form  co-ordinate  links,  e.g.,  hydrogen  bonds.  A  fe'^ver^«  Valu® " 
*  -COOH,  8970;  -OH,  7250;  =CH2  and  -CH„  1780,  and 

_ GHj —  990  calories.  Energy  supplied  to  overcome  molecular  cohesion 

also  increases  the  internal  vibration  in  the  molecule,  and  if,  at  any  bond  the 
vibrational  energy  exceeds  the  binding  energy,  the  bond  will  break  and  the 
molecule  decompose.”  Theoretically,  any  substance  can  be  sublimed  oi 
distilled  unchanged  if  the  energy  which  the  molecules  must  acquire  to  over- 
come  the  cohesive  forces  and  reach  the  condensing  surface  does  not  exceed 

the  heat  of  disruption  of  the  least  stable  bond. 

In  order  to  obtain  maximum  velocity  of  sublimation  the  surface  ai  ea  ot 
the  sublimand  should  be  as  great  as  possible,  i.e.,  the  material  should  be 
finely  powdered.15  This  may  also  reduce  the  retarding  action  of  less  vola¬ 
tile  impurities  and  the  danger  that  a  dust  of  impure  material,  arising  from 
decrepitation16  caused  by  the  presence  of  mother  liquor  or  solvent  of  crys¬ 
tallization,  may  reach  the  condensing  surface.  The  sublimand  should  be 
spread  in  a  thin  layer,  except  in  entrainer  sublimations  with  thorough  per¬ 
meation  by  the  entrainer.  It  may  well  be  agitated  mechanically.  The  dis¬ 
tance  from  sublimand  surface  to  condenser  surface  should  be  short.17 

Direct  formation  of  crystals  from  the  vapor  phase  depends  on  the  proper¬ 
ties  of  the  compound,  the  presence  of  nuclei  at  the  condensing  surface,  the 
pressure,  and  the  temperature,  of  the  sublimand  and  sublimate,  respec¬ 
tively.  Simple  symmetrical  molecules  like  quinone,  anthracene,  and  naph¬ 
thalene  readily  yield  beautifully  crystalline  sublimates.  In  sublimation, 
as  in  crystal  growth  from  solution,  the  number,  shape,  and  size  of  the  result¬ 
ing  crystals  depend  on  the  rate  of  nucleus  formation18  relative  to  that  of 
crystal  growth  and  on  the  rate  at  which  material  is  supplied.  Hence,  sub¬ 
limation  of  pure  crystals  may  be  directed  toward  the  preparation  of  many 
small  crystals  or  of  a  few  large  ones.  In  common  practice,  three  kinds  of 
sublimate  are  encountered :  cake,  powder,  and  macrocrystalline  sublimates. 
While  some  substances,  e.g.,  menthol,  benzoic  acid,  and  naphthalene, 


13  Dunkel,  Z.  physik.  Chem.,  138,  42  (1928).  K.  H.  Meyer  and  Mark,  Der  Aufbau 
der  hochpolymeren  organischen  Naiurstoffe,  Akadem.  Verlagsgesellschaft,  Leipzig,  1930, 
p.  32.  J.  W.  Hill,  Science,  76,  218  (1932).  K.  Id.  Meyer,  Natural  and  Synthetic  High 
P olymers,  Interscience,  New  York,  1942  ;  2nd  ed., 1950. 

14  McDonald,  J.  Franklin  Inst.,  221,  103  (1936). 

16  Hulett,  Z.  physik.  Chem.,  37,  385  (1901). 

16  Richards,  Z.  physik.  Chem.,  46,  189  (1903). 

17  Krafft  and  Dyes,  Ber.,  28,  2583  (1895).  Krafft  and  Weilandt,  ibid.,  29,  1316  2240 
(1896). 

18  Kaischew  and  Stranski,  Z.  physik.  Chem.,  B26,  317  (1934).  Langmuir,  Phys.  Rev. 

2,329  (1913);  8,149(1916);  J.  Am.  Chem.  Soc.,  38,  2221,  2250  (1916);  Trans.  Fara¬ 
day  Soc.,  17,  607,  621  (1921-1922).  Volmer  et  al.,  Z.  Physik,  5,  31,  188  (1921)-  7  1 
13  (1921);  Z.  physik.  Chem.,  102,  267  (1922).  ’  U  h  ’  ’ 
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readily  yield  individual  crystals  no  matter  what  the  conditions  are,  other 
compounds  are  difficult19  to  obtain  in  this  form. 

1  he  rate  ot  condensation20  obviously  depends  on  the  rate  at  which  the 
vapor  is  supplied  to  the  condenser  and  on  the  temperature  difference  be¬ 
tween  the  condenser  walls  and  vapor.  On  striking  a  solid  surface,  a  vapor 
molecule  may  either  condense  or  rebound.  Under  vacuum,  the  ratio21 
of  the  number  striking  to  the  number  condensing  is  close  to  unity  for  non- 
polai  molecules  such  as  naphthalene,  but  for  benzoic  acid  (dipole  moment 
0.8  X  10~18  e.s.u.)  it  is  probably  less  than  0.3,  and  for  camphor  (dipole 
moment  2.95  X  10  18  e.s.u.)  its  value  is  only  0.17.  The  condensing  mole¬ 
cules  may  not  be  immediately  frozen  into  immobility,  but  probably  move 
more  or  less  freely  in  a  layer  on  the  condensing  surface  for  a  short  time. 
The  lower  the  condenser  temperature,  the  more  rapidly  will  the  particles 
be  arrested.  C  onsequently,  to  avoid  the  deposition  of  amorphous  or  micro¬ 
crystalline  material,  the  temperature  of  the  condensing  surface  should  not 
be  too  low.  The  most  perfect  crystals  will,  in  general,  result  if  the  tempera¬ 
ture  of  the  cooling  surface  is  only  slightly  below  the  melting  point,  i.e., 
the  maximum  compatible  with  direct  condensation  to  crystals.  This  is 
important  in  the  microsublimation  of  compounds  to  get  discrete  euhedral 
crystals  of  measurable  angles.22  Slow  growth  is  conducive  to  perfection  of 
shape.  Formation  of  hard  coatings  may  result  if  the  condenser  tempera¬ 
ture  is  considerably  below  the  melting  point.  Thus,  water  cooling,  as  com¬ 
pared  with  air  cooling,  usually  favors  deposition  of  a  hard  coating  of  sub¬ 
limate  difficult  to  remove. 

It  is  obvious  that  the  thickness  of  the  sublimate  coating  on  the  walls, 
and  therefore  the  shape  and  relative  size  of  the  condenser,  will  affect  the 
character  of  the  sublimate.  Installation  of  baffles  impedes  passage  of  the 
vapor  through  the  condensing  chamber  and  increases  the  condensing  sur¬ 
face.  Brushes  or  swinging  hammers  are  employed  industrially  for  removal 
of  deposits  from  the  condensing  surfaces.  The  introduction  of  a  cold  gas 
into  the  condensation  chamber  often  causes  rapid  condensation  and  deposi¬ 
tion  of  snowlike  sublimates. 


III.  TYPES  OF  SUBLIMATION 
1.  Simple  Sublimation 

Simple  sublimation,  involving  diffusion  of  the  vapor  to  the  condensing 
surface  at  atmospheric  pressure,  is  limited  to  substances  with  a  relatively 

19  Eder  and  Haas,  M ikrochemie,  Emich  Festschr.,  43  (1930). 

20  Langmuir,  Phys.  Rev.,  2,  329  (1913);  •/.  Am.  C  hem.  Soc.,  35,  122  (1913).  See 
Miyamoto,  Trans.  Faraday  Soc.,  29,  794  (1933);  Ilerzfcld,  J.  Chem.  Phys.,  3,  319  (1935). 

21  Ally,  Proc.  Roy.  Soc.  London,  A161,  68  (1937). 

22  Shead,  Proc.  Oklahoma  Acad.  Sci.,  15,  86  (1935);  16,  S7  (1936). 
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high  vapor  pressure.  In  order  that  direct  crystallization  from  the  vapor 
may  occur,  the  temperature  and  pressure  at  the  condensing  suiface  must 
below  the  triple-point  temperature  and  pressure. 


2.  Entrainer  Sublimation 

One  way  of  bringing  about  sublimation  of  a  substance  which,  on  heating, 
would  ordinarily  melt  and  then  boil,  is  to  introduce  an  inert  gas  or  vapor 
as  an  entrainer,  so  that  the  partial  pressure  of  the  sublimand  vapor  is 
brought  below  the  triple-point  pressure  and  the  sublimand  vapor  is  swept 
along  with  the  entrainer.  On  suitable  cooling,  the  vapor  will  then  crystal¬ 
lize  directly,  without  first  liquefying.  Thus,  d-camphor  (triple  point 
179°C.,  370  mm.)  is  readily  sublimed  below  179°  in  a  current  of  air  at  at¬ 
mospheric  pressure.  This  entrainer  technique  was  suggested  by  Liebig. 

It  is  particularly  useful  for  heat-sensitive  compounds  with  fairly  low  vapor 
pressure.  With  respect  to  volatile  impurities,  the  function  of  the  entrainei 
is,  in  a  sense,  similar  to  that  of  the  solvent  in  recrystallization  from  solu¬ 
tion.230  In  such  processes,  when  the  entrainer  is  saturated  and  diffusion 
in  the  solid  state  is  not  the  rate-limiting  step,  the  time  t  (hours)  required 
for  transfer  of  weight  W  of  volatile  substance  in  the  sample  taken  is:24 

t  =  [W  X  760  X  22.4  X  (1  +  aT)]/vMR 

where  a  is  the  thermal  coefficient  of  expansion  of  gases,  T  the  temperature 
(°C.)  in  heating  chamber,  v  the  vapor  tension  (in  mm.)  of  the  substance 
at  T°,  M  is  molecular  mass  of  the  substance,  and  R  the  rate  of  entrainer 
flow  (in  liters  per  hour).  The  entrainer  must  be  well  distributed  over  the 
sublimand  surface  or,  preferably,  permeate  the  finely  divided  powder. 
The  more  intimately  it  comes  in  contact  with  the  sublimand,  the  greater 
the  rate  of  vaporization  up  to  a  certain  value. 

The  choice  of  the  entrainer  depends  on  the  chemical  and  physical  proper¬ 
ties  of  the  sublimand.  Thus,  air  may  be  employed  as  the  entrainer  for 
benzoic  acid,25  phthalic  anhydride,  or  naphthalene,26  which  are  inert  to 
oxygen,  bor  the  sublimation  of  salicylic  acid,  a  6%  carbon  dioxide  plus 
air  mixture  is  used.  Sublimation  in  steam  may  be  employed  for  substances, 


23  Liebig,  Ann.,  101,  49  (1857).  Compare  Jaeger,  U.  S.  Pat.  1,852,782  (1932);  James, 
Chemistry  &  Industry,  No.  34,  595  (Aug.  20,  1949). 

230  See  Volume  III,  Chapter  VI,  this  series. 

24  Fuller,  Chemist- Analyst,  29,  6  (1919). 

26  Cole,  C.  A.,  17,  1483;  U.  S.  Pat.  1,445,870. 

26  Soci6te  pour  1  exploitation  des  Proc6d6s  Abderhalden,  C.  A.,  23,  3034-  French 
Pat  649,974  U928)  See  also,  Jackson,  C.  A.,  17,  1355;  U.  S.  Pat.  1,446,564;  Tim 
brol  1  ty.,  Ltd.,  C.  A.,  33,  5710;  Australian  Pat.  107,040  (1939). 
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e.gr.^-naphthol,  camphor,  benzanthrone, 27  or  anthracene,  which  melt  above 
100  and  are  practically  insoluble  in  and  not  decomposed  by  water.  A 
dry  sublimate  may  be  obtained  directly  with  water  vapor  at  atmospheric 
pressure  as  the  entrainer,  if  the  condenser  is  kept  above  100°.  The  same 
principle  may  be  employed  with  other  entrainers. 

The  temperature  of  the  entering  entrainer  should  be  close  to  the  vapori¬ 
zation  temperature  of  the  sublimand.  If  the  entrainer  temperature  is 
lower,  the  vapor  is  cooled  and  premature  condensation  results.  If  the 
entrainer  temperature  is  much  higher,  the  vapor  becomes  superheated 
and  the  advantages  of  low-temperature  vaporization  of  compounds  un¬ 
stable  to  heat  may  be  lost.  In  practice,  slight 28  superheating,  to  prevent 
premature  crystallization  before  the  vapor  reaches  the  condenser,  is  ad¬ 
visable.  In  the  sublimation  of  salicylic  acid,  maximal  dispersion  of  the 
powdered  sublimand  is  ensured29  by  whirling  it  with  an  inert  gas,  e.g.,  air, 
nitrogen,  or  carbon  dioxide,  to  form  a  cloud;  this  is  then  treated  with  ad¬ 
ditional  inert  gas  hot  enough  to  effect  sublimation.  Alternatively,  the 
powder  may  be  directly  treated  with  hot  entrainer30  so  that  the  substance 
is  volatilized  while  it  is  being  suspended. 

Entrainer  sublimation  usually  gives  feathery  flakes,  a  fine  light  crystal¬ 
line  powder,  or  a  fluffy  snowlike  sublimate  (“flowers”).  Crystallization 
occurs  in  the  vapor  space  of  the  condenser  rather  than  on  its  walls  because 
the  entrainer  transfers  heat  from  the  vapor  to  the  walls,  and  tends  to  whirl 
up  crystallization  nuclei.  The  greater  the  percentage  of  entrainer,  the 
greater  is  the  likelihood  of  “snow”  formation. 

3.  Vacuum  Sublimation 

Sublimation  of  heat-sensitive  compounds  frequently  becomes  possible 
if  the  pressure  in  the  system  is  reduced,  and  vacuum  sublimation  is  often 
the  most  convenient  method  for  isolating  or  purifying  an  organic  compound. 
It  often  takes  but  a  few  minutes  to  liberate  a  volatile  compound  from  non¬ 
volatile  substances  which  may  otherwise  be  difficult  to  remove.  Although 
oxalic  acid  tends  to  decompose  to  formic  acid  and  carbon  dioxide  on  sub¬ 
limation  at  760  mm.,  it  is  readily  sublimed31  at  10  mm.  The  conditions  of 
molecular  distillation— a  high  vacuum  in  which  the  distance  from  sub¬ 
limand  to  condenser  is  less  than  the  mean  free  path  of  the  vapor izing  mole¬ 
cules — often  give  excellent  results  with  compounds  of  low  vapor  pressure. 
The  theory  and  equipment  for  sublimation  in  a  high  vacuum  are  closely 

27  Lyford,  C.  A.,  22,  1255;  U.  S.  Pat.  1,662,070. 

28  Field,  C.  A.,  22,  1366;  U.  S.  Pat.,  1,662,056. 

29  Comte,  C.  A.,  29,  1438;  U.  S.  Pat.  1,987,282. 

30  Livingston,  C.  A.,  29,  1438;  U.  S.  Pat.  1,987,301. 

31  G.  Klein  and  O.  Werner,  Z.  physiol.  Chem.,  143,  141  (1925). 
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related  to  those  for  molecular  distillation  (see  Chapter  VI).  Quinine, 
mo.phine%  maleic  acid ,«  and  glucose’*  may  be  sublimed  under  moderately 


TABLE  II 

Effect  on  Sublimation  Point  Caused  by  Diminishing  the  Pressure 

Rate  of  Sublimation  _ 


Rate  of  sublimation  at 
0.5  to  1.0  mm.b 


Compound 

Naphthalene . 

Iodoform . 

Caffeine  (anhyd.) . 

Theobromine . 

Benzoic  acid . 

Hexamethylene¬ 
tetramine  . 

Quinine  (anhydrous) .  .  .  . 

/S-Naphthol . 

Saccharin . 

Acetanilide . 

Cinnamic  acid . 

dl- Alanine . 

Phthalic  anhydride . 

Coumarin . 

Urea . 

Barbital . 

Vanillin . 

Anthracene . 

Cholesterol . 

Alizarin . 

Isatin . 

Cinchonine . 

Acetylsalicylic  acid . 

Cocaine . 

Atropine . 


M.p., 

°C. 

Sublimation  temp., 

°C.,  obs. 

At  760  mm.  At  0.5-1  mm. 

Subli- 

mand 

temp., 

°C. 

Time, 

hr. 

Sublimate 

yield, 

% 

79 

36-38 

25 

50 

0.5 

86.2 

119 

43-45 

30-34 

75 

0.5 

96.7 

233 

72-74 

36-39 

150 

0.5 

99.9 

348 

146-149 

110-114 

210 

0.5 

99.8 

120 

43-45 

25 

80 

0.75 

99.9 

45-47 

25 

90 

0.75 

99.3 

175 

157-160 

99-103 

165 

1.0 

99.3 

122 

43-45 

33-35 

75 

1.25 

99.6 

224 

84-86 

59-63 

150 

1.5 

99.9 

113 

56-58 

34-36 

70 

2.25 

99.8 

132 

58-60 

52-56 

90 

2.25 

99.7 

295 

135-137 

59-63 

180 

2.25 

99.6 

129 

50-52 

27-30 

80 

2.5 

99.5 

68 

40-42 

30-33 

50 

2.75 

100 

132 

59-61 

49-52 

95 

3.25 

99.2 

188 

66-68 

43-46 

115 

3.25 

99.6 

80 

47-49 

33-35 

55 

4.0 

99.5 

215 

77-79 

28-31 

100 

5.0 

99.1 

145 

No  sub. 

38-40 

130 

7.0 

99.5 

285 

71-73 

34-38 

180 

9.0 

99.7 

200 

78-80 

47-50 

110 

10.0 

99.7 

260 

164-167 

82-86 

170 

19.25 

99.6 

135 

77-80 

52-55 

105 

21.0 

99.7 

96 

No  sub. 

48-51 

85 

35.0 

99.6 

114 

No  sub. 

60-64 

95 

42.0 

99.2 

°  Based  on  Hoffmann  and  Johnson,  J.  Assoc.  Oflic.  Agr.  Chemists,  13,  367  (1930) 
Compare  Illari,  C.  A.,  25,  2880;  Ann.  chim.  applicata,  21,  127  (1931);  Eder,  Schweiz 
Wochschr.,  51,  228,  241,  253  (1913);  Hortvet,  J.  Assoc.  Offic.  Agr.  Chemists,  6,  481 
(1923);  Hubacher,  Ind.  Eng.  Chem.,  Anal.  Ed.,  15,  448  (1943). 
b  Condenser  temperature  about  20  °. 


high  vacuum  without  decomposition,  and  dipentaerythritol35  is  best  puri¬ 
fied  in  this  way.  Laurie  acid  sublimes83  at  22°,  myristic  acid  at  27°,  pal- 

”  Krafft  and  Weilandt,  Ber.,  29,  2240  (1896). 

33  Hansen,  Ber.,  42,  210  (1909). 

34  J.  W.  Hill,  Science,  76,  218  (1932). 

36  Ebert,  Ber.,  64,  114  (1931). 
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To  aCiC  ia,t  tt  \stearic  acid  at  38°>  alizarin36  at  45°,  and  strychnine36  at 
103  .  1  able  II  shows  the  effect  of  diminished  pressure  on  the  sublimation 

point  of  a  number  of  compounds.  Most  of  the  a-amino  acids  are  subli¬ 
mable37  under  high  vacuum,  without  decomposition.  The  preparation  of 
thin  films  of  such  polar  compounds  as  purines,  pyrimidines,  and  amino 
acids  by  sublimation  onto  quartz  slides  in  a  molecular  still  is  used38  to  pre¬ 
pare  samples  for  the  study  of  their  ultraviolet  absorption  spectra. 

Compounds  which  distil  at  atmospheric  pressure  may  be  sublimed  under 
suitable  vacuum.  Naphthalene,  which  melts  at  79°  and  has  a  boiling  point 
of  218°  at  760  mm.,  sublimes  rapidly  at  70°  at  13  millimeters.  The° vapor 
pressure  of  /3-naphthol  at  its  melting  point  (122°)  is  2.5  mm.;  hence,  for 
sublimation,  the  system  is  evacuated  to  a  pressure  below  2.5  millimeters. 

If  simple  vacuum  sublimation  of  compounds  with  a  low  vapor  pressure 
is  slow,  judicious  admission  of  an  entrainer  may  speed  up  the  process,  just 
as  it  speeds  up  simple  sublimation.  Introduction  of  entrainer  will  tend  to 
increase  the  pressure  in  the  system. 

4.  Quasisublimation 

Some  compounds  such  as  camphene  hydrate39  have  been  first  obtained 
in  crystalline  form  only  by  crystallization  from  the  vapor  derived  from  the 
melt.  Presumably,  nonvolatile  impurities  are  left  behind  during  the  treat¬ 
ment,  and  volatile  impurities,  retarding  crystallization  from  the  melt  or 
from  a  solvent,  do  not  hinder  crystallization  from  the  vapor  phase.  De¬ 
pending  on  the  chemical  and  physical  properties  of  the  compound,  any  of 
the  above-mentioned  methods  used  for  sublimation  may  prove  successful. 

It  is  a  common  industrial  procedure  to  melt  the  crystals,  vaporize  the 
liquid,  and  recrystallize  the  compound  directly  from  the  vapor  phase. 
When  a  substance  with  a  fairly  high  triple-point  pressure,  such  as  camphor 
(triple  point  179°C.,  370  mm.),  is  heated  in  a  vertical  sublimator— for 
instance,  a  basin  covered  with  a  cold  glass  funnel — the  heavy  vapor  lies  on 
the  substance,  the  partial  pressure  over  the  compound  rises  to  the  triple¬ 
point  pressure,  and  it  melts  and  eventually  boils.  However,  if  the  hot 
vapor  near  the  condensing  surface  is  diluted  with  hot  air  so  that  the  partial 
pressure  remains  below  the  triple-point  pressure,  the  vapor  condenses  di¬ 
rectly  to  crystals  on  the  condenser.  Similarly,  on  boiling  certain  substances 
in  a  retort,  sublimate  is  observed  above  the  vapor  during  the  period  while 
vapor  is  still  rising  and  some  air  remains  in  the  retort.  As  soon  as  the  air 

33  Kempf,  Z.  anal.  Chem.,  62,  284  (1923). 

37  O.  Werner,  Mikrochemie,  1,  33  (1923). 

38  j.  p.  Scott,  Sinsheimer,  and  Loofbourow,  Science,  107,  302  (1948).  Compare 
Christ,  Burton,  and  Botty,  ibid.,  108,  91  (1948). 

3*  Aschan,  Ber.,  41,  1092  (1908). 
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has  been  expelled,  the  vapor  condenses  as  liquid  in  the  neck  of  the  retort. 
However,  if  the  vapor  is  passed  into  a  large  chamber  containing  hot  air, 
sublimate  again  forms  until  the  point  is  reached  at  which  the  partial  pres¬ 
sure  of  the  vapor  exceeds  the  triple-point  pressure,  when  it  again  condenses 
as  liquid.  In  order  that  direct  condensation  to  crystals  may  be  accom¬ 
plished,  it  is  necessary  that  the  partial  pressure  of  the  condensing  vapor  be 
reduced  below  the  triple-point  pressure.  This  may  be  brought  about  by 
diluting  the  vapor.  Except  that  the  material  is  first  melted,  the  procedure 
is  similar  to  entrainer  sublimation  (see  Sect.  III2).  A  process  combining 
entrainer  quasisublimation  with  rapid  condensation  in  the  presence  of  addi¬ 
tional  cold  entrainer  has  been  described40  for  compounds  whose  vapor 
pressure  in  the  solid  state  is  less  than  10  mm.  (see  Sect.  1V2B). 

IV.  DESIGN  AND  OPERATION  OF  SUBLIMATORS 


A  sublimator  is  essentially  a  chamber  in  which  a  temperature  difference 
can  be  maintained  between  two  surfaces.  The  sublimand  is  placed  on  the 
hotter  surface,  and  the  sublimate  collected  on  the  cooler  surface,  which  may 
be  situated  above  the  vaporizing  surface,  to  one  side,  or  below  it.  The  main 
advantage  of  the  horizontal  sublimator  is  that,  with  proper  use,  sublimate 
cannot  possibly  return  to  the  sublimand  vessel.  The  kind  of  apparatus 
chosen  is  determined  by  such  factors  as  (1 )  the  stability  of  the  sublimand  on 
heating;  (2)  its  vapor  pressure  and  ease  of  vaporization;  (5)  the  size  of 
the  sublimand  sample;  (4)  the  relative  importance  of  obtaining  the  maxi¬ 
mum  possible  yield  of  sublimate;  and  (5)  the  physical  form  of  sublimate 
desired.  Certain  pieces  of  equipment  designed  for  distillation  can  be  used, 
with  little  or  no  modification,  for  sublimation;  in  this  category  are  some  of 
the  molecular  stills  (see  Chapter  VI). 

The  sublimand  may  be  heated41  by  any  of  the  methods  described  in 
Chapter  II  of  the  present  volume  and  Chapter  I,  “Heating  and  Cooling,” 
in  Volume  III  of  this  series.  Care  should  be  taken  that  the  temperature  is 
not  too  high  in  relation  to  the  pressure  in  the  system.  Especially  under 
high  vacuum,  the  sublimand  may  exhibit  a  behavior  reminiscent  of  a  boiling- 
liquid,  viz.,  a  dancing  movement  of  the  individual  particles42  or  a  vibration 
of  the  whole  sublimand  mass,43  because  it  has  been  so  heated  that  the  vapor 


40  Robertson,  J.  Chem.  Education,  9,  1713  (1932).  Alzikovieh,  C.  A.  42  3744-  / 

Applied  Chem.,  U.  S.  S.  R.,  20,  460  (1947). 

Bergfeld’  Ber •’  38’  (1905)-  McDonald,  J.  Franklin  Inst.,  221,  103 

o«7;,noo;  B7kmann’  Na^ urwissenschaflen ,  9,  305  (1921).  Kempf,  Z.  anal,  Chem.,  62, 
284  (1923).  Ivarrer  and  Rosenberg,  Helv.  Chim.  Acta,  5,  575  (1922).  Hubacher,  Ind 
Eng.  Chem.,  Anal.  Ed.,  15,  448  (1943). 

-•  Kraff t  and  Dyes  Ber  28,  2583  (1895).  Arctowski,  Z.  anorg.  Chem.,  12, 417  ( 1896). 
43  Spring,  Z.  physik.  Chem.,  15,  65  (1894).  ^  ; 
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pressure  of  the  compound  locally  exceeds  the  pressure  existing  in  the  ap¬ 
paratus.  To  avoid  transfer  of  dust  of  crude  sublimand  to  the  condenser 
surface,  a  plug  of  glass  wool  or  other  porous  medium  may  he  inserted  be¬ 
tween  the  vaporizing  and  condensing  surfaces. 

Cooling  devices  will  be  considered  individually,  since  the  choice  depends 
on  such  factors  as  the  physical  form  desired  for  the  sublimate. 

1.  Vertical  Sublimators 


A.  SIMPLE  SUBLIMATION 

Air-Cooled  Condenser.  Perhaps  the  simplest  method44  of  subliming 
a  small  sample  is  to  place  a  thin  layer  on  a  glass  plate  resting  on  an  as¬ 
bestos  sheet  heated  with  a  microflame.  A  second  glass  plate,  which  acts 
as  condenser,  is  tilted  0.5  to  1.5  mm.  above  the  sublimand  by  means  of  a  sup¬ 
port,  3  to  4  mm.  high,  inserted  under  one  end.  In  determining  the  mini¬ 
mum  temperature  at  which  a  visible  sublimate  results,  it  has  been  recom¬ 
mended45  that  the  sublimand  be  heated  electrically  for  close  temperature 
control  and  that  the  condensing  surface  be  placed  0.01  to  0.1  mm.  from  the 
sublimand  surface.  For  sublimation  in  an  inert  gas  or  in  vacuo,  the  whole 
apparatus  may  be  enclosed.  As  a  rule,  the  sublimation  is  better  conducted 
in  an  enclosed  space.  Thus,  one  may  place  the  sublimand  on  a  watch 
glass,  cover  it  with  another  watch  glass,  and  heat  the  lower  glass  gradually.46 
The  two  glasses  may  be  of  the  same  size,  ground  to  fit  each  other  at  the 
edges,  and  held  together  by  means  of  a  metal  clamp.47  A  filter  paper  may 
be  placed  between  the  glasses  to  catch  falling  sublimate. 

One  of  the  first  uses  of  microsublimation48  was  the  systematic  examina¬ 
tion  and  identification  of  such  alkaloids  as  strychnine,  morphine,  and  atro¬ 
pine.  A  little  of  the  material  under  study  was  placed  in  a  depression  in 
a  platinum  foil,  covered  with  a  glass  slip,  and  then  cautiously  heated.  The 
apparatus  was  later  improved49  by  using  a  sublimation  cell  composed  of  a 


44  Oddo,  Gaz.  chim.  ital,  23,  313  (1893).  Tunmann,  Schweiz.  Wochschr.  Phann.,  48, 
749(1910);  C.A.,  5,  2695;  6,  914,  2629;  Apoth.-Ztg.,  26,  344,  812  (1911);  27,494,50 i, 
515  (1912)';  C.  A.,  6,  916;  Ber.  pharm.  Ges.,  21,  312  (1912). 

«  Kempf,  Z.  anal.  Cheat.,  62,  284  (1923). 

46  Gorup-Besanez,  Ann.,  93,  265  (1855).  . 

n  47'Kolbe,  Handworterbuch  der  remen  und  angewandten  Chernie.  V  leweg,  Braunsch¬ 
weig^  1850,  Suppl.,  Lfg.  1-4,  p.  425.  ,  .  .  ... 

5  Helwig  Das  Mikroskop  in  der  Toxikologie.  Beitrage  zur  nnkroskopischen  und  mtkro- 

chemischen  Diagnostik,  Zabern,  Mainz,  1865.  Compare  Pfeil,  Angew.  them.,  54,  161 

^•Ouy,  Pharm.  J.,  viii,  719(1866-1867);  ix  10,  58,106, 195, 370(1867-1868^  Wad- 
dington,  ibid.,  ix,  409  (1867-1868).  Blyth,  J  CKem  3  <>878),  Ber..  .  . 

(1878).  Ludy,  C.  A.,  27,  2;  Pharm.  Zentralhalle,  73,  20.)  (1932). 


VII.  SUBLIMATION 


615 


glass  ring  supported  by  a  glass  disc  and  covered  with  another  glass  disc  or 
preferably,  a  microscope  slide,  so  that  the  sublimation  might  be  observed 
under  the  microscope.5"  The  cell  was  placed  on  a  brass  plate  bored  to  ac¬ 
cept  a  thermometer  and  heated  with  a  microflame  or  electrically.  The  first 
fractional  microsublimation,51  of  a  mixture  of  alizarin,  flavopurpunn,  and 
isopurpurin,  was  conducted  in  such  a  cell  having  a  lead  ring.  An  asbestos 
ring  was  used  in  subliming  caffeine  from  an  alcoholic-potash  extract  of  tea 
leaves.52  To  diminish  the  chance  of  crystallization  on  the  walls,  a  brass 
ring,  1  cm.  in  diameter  and  1  mm.  high,  is  recommended53  for  compounds 
which  do  not  attack  the  alloy.  In  another  design,54  cylindrical  wells  of 
various  depths  and  diameters  are  drilled  in  the  top  ol  the  metal  heating 
block;  sublimand  may  be  placed  in  each  and  covered  with  a  glass  slide. 
A  modification  known  as  the  “apophorometer”55  consists  of  an  electrically 


heated  platinum  ribbon  on  which  the  sublimand  is  placed;  this  is  encased 
in  two  watch  glasses  ground  to  fit.  I  he  whole  may  be  enclosed  in  another 
vessel  for  sublimation  in  an  inert  gas  or  under  diminished  pressure.  A 
rather  similar  apparatus56  has  a  built-in,  circular  thermometer  for  measur¬ 
ing  the  temperature  of  the  sublimand.  Certain  organic  dyes  may  be  de¬ 
tected  by  microsublimation57  in  an  apparatus  of  this  kind. 

For  work  on  a  somewhat  larger  scale,58  the  lower  vessel  may  be  a  porce¬ 
lain  dish,  and  a  funnel  or  beaker  may  be  employed  as  the  condensing  sur¬ 
face.  A  covered  porcelain  crucible,  heated  in  a  sand  bath,  has  also  been 
used.59  If  the  sublimate  shows  a  tendency  to  fall  off  the  condenser  into  the 
sublimand,  a  sheet  of  paper  or  cardboard,  punctured  with  pinholes,  should 
be  placed  between  the  lower  and  upper  vessels.  A  modification60  of  this 
device  employs  a  steam  coil  for  heating  a  moist  sublimand,  and  a  dry  subli¬ 
mate  results. 

Larger  amounts  may  sometimes  be  sublimed  by  spreading  the  substance 


50  Kofler,  Pharm.  Monatsh.,  13,  81  (1932);  C.  A.,  26,  3871;  Arch.  Pharm.,  270,  293 
(1932).  Schurhoff,  C.  A.,  26,  4507;  Arch.  Pharm.,  270,  363  (1932).  Deininger ,  Pharm. 
Ztg.,  78,  362  (1933).  Kofler  and  Doser,  bie  Chemie,  55,  13  (1942). 

51  Schunck  and  ltoemer,  Ber.,  13,  41  (1880). 

62  Kley,  Rec.  trav.  chim.,  20,  344  (1901). 

65  Shead,  Proc.  Oklahoma  Acad.  Sci.,  16,  87  (1936).  Rosenthaler,  C.  A  27  451  - 
Apoth.  Ztg.,  47,  1358  (1932). 

64  R.  Fischer,  C.  A.,  32,  4276;  Dent.  Apoth.-Ztg.,  53,  361  (1938). 

ib  Joly,  Proc.  Roy.  Irish  Acad.,  2,  38  (1891);  Phil.  Mag.,  25,  301  (1913)-  27  1 

(1914);  Chem.  News,  107,  241  (1913).  Fletcher,  C.  A.,  7,  3580;  Sci.  Proc.  Roy.  Dublin 
Soc.,  13,  460  (1913). 

56  L.  Fuchs,  Mikrochim.  Acta,  2,  317  (1937). 

67  Ivutzelnigg,  Mikrochim.  Acta,  3,  33  (1938). 

S8  F.  Michel,  Chem.-Ztg.,  36,  138  (1912). 

5®  O.  Fischer  and  Hepp,  Ber.,  22,  357  (1889). 

*°  F.  C.  Koehler,  Chem.-Ztg.,  39,  122  (1915). 


616 


R.  S.  TIPSON 


evenly  on  the  bottom  of  an  Erlenmeyer  flask,  loosely  stoppering  it,  and 
immersing  it  to  a  depth  of  an  inch  in  a  heated  oil  bath.  Salts  of  organic 
bases,61  e.g.,  A  -methyl-a-pyridone  hydrochloride,  have  thus  been  sublimed. 
A  test  tube  may  be  used  in  a  similar  way.  To  avoid  contamination  of  sub¬ 
limate  by  residual  sublimand  during  withdrawal  at  the  end  of  the  sublima¬ 
tion,  a  snugly  fitting  second  test  tube6-  of  slightly  smaller  diameter,  whose 
bottom  has  been  cut  off  (Fig.  2),  may  be  inserted.  The  sublimate  is  de¬ 
posited  on  the  walls  of  the  inner  tube.  Another  solution  to  this  problem  is 
the  use63  of  a  ground-glass  joint  as  shown  in  Figure  2.  This  tube  is  recom¬ 
mended  for  use  in  the  determination  of 
benzoic  acid  by  sublimation. 

Liquid-Cooled  Condenser.  If  the 
temperature  of  the  condensing  surface 
might  rise  to  the  melting  point  of  the 
sublimate,  it  becomes  necessary  to  cool 
it.  Cooling  is  also  indicated  for  quan¬ 
titative  experiments  and  for  sublima¬ 
tions  at  room  temperature.  For  micro 
work,64  it  may  be  sufficient  to  put  a  drop 
of  water  or  a  damp  cloth  on  a  flat  glass 
plate  or  watch  glass  used  as  the  con¬ 
densing  surface.  Xanthine  bases  were 
thus  readily  sublimed  from  plant  ma¬ 
terials.  Pieces  of  dry  ice  may  also  prove 
satisfactory  as  coolant. 

For  prolonged  sublimations  and  for 
those  on  a  macro  scale,  a  stream  of 
cold  liquid65  is  preferable  for  cooling.  In  an  early  device,66  a  “cold-finger” 
condenser  is  inserted  through  the  neck  of  a  conical  funnel  which  rests  on 
the  rim  of  a  vessel  containing  the  sublimand.  The  rim  serves  to  collect 
liquid  condensate,  and  a  porous  plate  resting  on  the  dish  catches  any  dis¬ 
lodged  sublimate.  Depending  on  the  sublimand,  a  seal  between  rim  and 

Decker,  J.  prakt.  Chem.,  155,  28,  222  (1893). 

62  Llewellyn,  Chem.  News,  97,  198  (1908). 

63  Henville,  Analyst,  61,  104  (1936). 

84  Nestler  Z.  Untersuch.  Nahr.  u.  Genussm.,  4,  289  (1901);  5,  245  (1902);  6,  408 
(1903);  Ber.  dent,  botan.  Ges.,  19,  350  (1901).  Frank,  Z.  Untersuch.  Nahr.  u.  Genussm., 

6>  «8 Landolt,  Ber.,  18,  56  (1885).  E.  Philippe,  C.  A.,  6,  3342;  8,  1073;  10,  1059;  Mitt. 
Lebemm.  Hyg.,  3,  41  (1912);  4,  351  (1913);  6,  177,  233  (1915);  7  : 37  1910). ^Muller- 
Iloessly,  Mitt.  Lebensm.  Hyg.,  6,  251  ( 1915).  van  Zijp,  Pharm.  Weekblad,  64,  916  ( 192/ ). 

Jacquemain,  Bull.  soc.  chim.  France,  53,  633  (19.3.3).  HOOD 

66  Hertkorn,  Chem.-Ztg.,  16,  795  (1892).  Nicolaysen,  ibid.,  25,  1031  (1901). 
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Fig.  2.  Simple  vertical  sublimators. 
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Fig.  3.  Vertical  sublimator  with  liquid- 
cooled  condenser.67 


Fig.  4.  Vertical  sublimator  with  liquid- 
cooled  condenser.68 


Fig.  5.  \  ertical  sublimator  with  liquid- 
cooled  condenser.69 


Fig.  6.  Vertical  sublimator  with  liquid- 
cooled  condenser.71 
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tunnel  may  be  provided  by  mercury,  paraffin  wax,  or  plaster  of  Paris.  The 
apparatus  is  readily  modified  for  entrainer  or  vacuum  sublimation.  A 
simpler  form67  is  depicted  in  Figure  3.  If  a  test  tube  is  used  as  the  sub- 


Fig.  7.  Vertical  entrainer  sublimator.71”  Fig.  8.  Vertical  entrainer  sublimator.72 
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Fig.  9.  Vertical  entrainer  sublimator.7’  Fig.  10.  Vertical  entrainer  sublimator.7' 

67  Morton,  Laboratory  Technique  in  Organic  Chemistry.  McGraw-Hill,  New  York, 
1938,  p.  215,  Fig.  116. 


VII.  SUBLIMATION 


619 


liming  vessel  (Fig.  4),  three  glass  prongs68  may  be  sealed  onto  the  tubular 
condenser  to  prevent  contact  with  the  walls  of  the  tube  on  withdrawal 
For  quantitative  work  with  small  amounts,  the  sublimate  is  washed  oh 
the  condenser,  the  solution  evaporated  to  dryness,  and  the  residue  w  eighe  . 
For  direct  weighing  of  the  sublimate,69  the  apparatus  shown  in  Figure  5  was 
developed.  The  condenser  consists  of  a  spiral  tube  which,  after  the  subli¬ 
mation,  is  transferred  to  the  weighing  tube  for  protection  of  the  sublimate. 
The  inside  of  the  coil  is  now  dried,  and  the  assemblage  weighed.  It  is  use¬ 
ful  for  determination  of  caffeine  in  coffee  and  tea,  and  also  for  benzoic  acid 
estimations.  Another  device  uses  a  condenser  having  at  the  bottom  a 
concave  face  corresponding  exactly  to  the  curvature  of  an  adhering  watch 
glass  on  which  the  sublimate  collects.70  If  a  cake-type  of  sublimate  results, 
the  watch  glass  plus  deposit  may  be  removed  at  the  end  of  the  sublimation 
and  weighed.  An  apparatus71  employing  a  microscope  slide  as  condensing 
surface  is  shown  in  Figure  6. 


B.  ENTRAINER  SUBLIMATION 

Air-Cooled  Condenser.  A  simple  apparatus  for  entrainer  sublimation 
is  depicted  in  Figure  7.  In  a  device  (Fig.  8)  used  for  the  sublimation72 
of  anthracene  in  a  current  of  air,  the  sublimancl  is  heated  and  its  vapor  is 
carried  by  the  air  current  into  the  funnel*  where  it  crystallizes.  /3-Naph- 
thol  was  sublimed73  in  the  apparatus  shown  in  Figure  9  at  the  rate  of  almost 
1  g.  per  minute.  It  was  heated  until  almost  molten  and  a  current  of  air 
passed  over  its  surface  either  by  air  pressure  on  the  flask  side  tube  or  by  suc¬ 
tion  at  the  upper  end  of  the  condensing  tube.  The  latter  was  plugged  with 
cotton  to  minimize  loss  of  sublimate. 

The  apparatus  shown  in  Figure  10  was  designed74  for  the  sublimation  of 
compounds  difficult  to  vaporize.  A  vigorous  stream  of  entrainer  is  passed 
through  the  tube  and  over  the  heated  sublimand.  The  sublimate  collects 
on  the  inner  walls  of  the  funnel  and  between  two  sheets  of  paper.  The 
lower  of  these  is  supported  on  a  glass  tripod,  the  upper  between  beaker  and 
funnel. 


88  von  Fellenberg,  C.  A.,  26,  4733;  Mitt.  Lebensm.  Hyg.,  23,  97  (1932). 

69  Exner,  J.  Assoc.  Offic.  Ayr.  Chemists,  1,  208  (1915). 

70  Benvegnin,  C.  A.,  21,  1033;  Mitt.  Lebensm.  Hyg.,  17,  315  (1926).  Compare  E. 
Philippe,  Mitt.  Lebensm.  Hyg.,  3,  41  (1912). 

71  H.  Hoffmann,  Jr.,  and  W .  C.  Johnson,  J .  Assoc.  Offic.  Agr.  Chemists,  13,  367  (1930) 
710  E.  H.  Northey,  private  communication.  Compare  Fieser,  Experiments  in  Organic 

Chemistry,  Heath,  New  York,  1935,  p.  232. 

72  Robertson  and  Deakers,  J.  Chem.  Education,  9,  1717  (1932). 

73  A.  J.  Bailey,  Ind.  Eng.  Chem.,  Anal.  Ed.,  12,  194  (1940). 

78  Baeyer  and  Fraude,  Ann.,  202,  164  (1880). 
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Liquid-Cooled  Condenser.  Devices  of  this  kind  are  not  shown  since 
they  differ  from  those  just  described  only  by  the  presence  of  a  liquid- 
cooled  condenser  (see  Sect.  IV1A)  above  the  sublimand  surface. 


C.  VACUUM  SUBLIMATION 

The  techniques  and  equipment  for  producing  moderate  and  high  vacuums 
are  discussed  in  Chapters  V  and  VI. 

Air-Cooled  Condenser.  Probably  the  simplest  apparatus  consists  of 
a  flask,  containing  the  sublimand,  which  is  evacuated  and  sealed  and 
then  gradually  heated  with  a  free  flame.  The  method  appears  to  have 
been  first  employed75  for  the  sublimation  of  indigo  at  30  to  40  millimeters. 
Urea  was  similarly  sublimed.76  Another  simple  device  is  a  vertical  tube, 
heated  in  an  oil  bath  or  in  a  well  bored  in  a  metal  block,77  and  connected  to 
a  vacuum  pump.  The  sublimate  collects  on  the  cooler  walls  of  the  tube, 
but  is  often  difficult  to  remove.  If  hanging  deposits  are  formed,  they  may 
be  dislodged  by  slight  vibration  and  will  fall  back  onto  the  residue.  A 
loose  asbestos  plug  may  therefore  be  inserted  in  the  tube  so  that  it  is  a  few 
millimeters  inside  the  heating  block.  Owing  to  the  much  greater  volatility 
of  certain  nitriles,  they  were  readily  separable  from  the  related  amides  in 
this  apparatus  at  0.1  to  1  mm.  pressure,  at  temperatures  near  the  melting 
points. 

So  that  the  sublimate  might  be  readily  accessible  after  the  sublimation, 
a  ground-glass  joint  has  been  used  to  connect  the  condenser  with  the 
vaporizer.  To  catch  falling  deposits  of  sublimate,  a  porous  asbestos  plate 
was  interposed  between  it  and  the  sublimand  (Fig.  11).  It  may  be  omitted 
if  the  sublimate  collects  as  a  hard  deposit.  The  sublimand,  plate,  and 
ground  joint  were  heated  in  an  air  bath.  The  advantage  of  heating  the 
joint  is  that  if  leakage,  either  accidental  or  deliberate  (see  Sect.  IV1D), 
occurs  there,  the  entering  entrainer  is  at  the  same  temperature  as  the  subli¬ 
mand.  In  this  apparatus,78  such  compounds  as  indigo,  and  mono-  and 
dibromoquinizarin,79  which  by  other  methods  sublime  with  difficulty  and 
considerable  loss,  were  readily  sublimed.  An  apparatus  of  25-mm.  internal 
diameter  suffices  for  the  sublimation  of  1  to  4  g. ;  one  60  mm.  wide  was  used 
for  the  sublimation  of  13  g.  of  indigo  in  3  hours.  The  device  is  also  useful 
for  fractional  sublimations  of  compounds  of  different  volatility,  and  lor 
determination  of  the  sublimation  temperature.  The  color  of  the  vapor  and 

75  von  Sommaruga,  Ann.,  195,  302  (1879). 

76  Bourgeois,  Bull.  soc.  chim.,  7,  45  (1892). 

77  Ashley  et  al.,  J.  Chem.  Soc.,  103  (1942).  . 

7*  Riiber,  Ber.,  33,  1655  (1900).  Compare  Gettler,  Umberger,  and  Goldbaum,  Anal. 

Chem.,  22,  600  (1950). 

79  Liebermann  and  Riiber,  Ber.,  33,  1658  (1900). 


VII. 


SUBLIMATION 


621 


its  spectroscopic  absorption  may  be  readily  ascertained.  1  o.  quantitative 
sublimations,  the  two  parts  of  the  apparatus  may  be  weighed  before  and 
after  a  sublimation.  Incidentally,  the  apparatus  is  also  useful  for  the  de- 


termination  of  solvent  of  crystallization. 

In  high-vacuum  work,  the  ground  joint  must  be  greased  and  preferably 
not  heated.  It  should  therefore  be  placed80  near  the  top  of  the  tube,  where 
it  is  unlikely  to  become  clogged  with  sublimate.  This  apparatus  is  usefu 


Fig.  11.  Vertical  vacuum 
sublimator.78 


Fig.  12.  Vertical  vacuum 
microsublimator.84 


if  two  sublimates  are  expected.  For  example,  on  subliming  a  mixture  of 
benzoic  acid  plus  o-benzoylbenzoic  acid,  each  formed  a  separate  band  on  the 
cool  part  of  the  tube  and  could  be  scraped  out  separately.  Quantitative 
separation  of  certain  types  of  compound  could  be  made  at  10  n  provided 
the  temperature  of  the  sublimand  was  very  accurately  controlled  (see  Sect. 
V).  A  thermostatically  controlled  heating  block,  drilled  to  accept  tubes 
of  several  different  diameters,  was  therefore  designed. 

Although  vacuum  microsublimation  was  first  employed  many  years  ago,81 


50  Hubacher,  Ind.  Eng.  Chem.,  Anal.  Ed.,  15,  448  (1943) 

S12''^Qm”th,a!er’DS^'  P^rn-  GeS”  2t'  338>  525  (19U)-  Co“P“re  Tunmann,  ibid.,  21, 
312  (1911);  Joly,  Phil.  Mag.,  25,  301  (1913). 
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t  e  sublimate  was  not  collected  on  a  microscope  slide  and  was  therefore  not 
always  suitable  for  microscopic  examination.  In  order  to  overcome  this 
pioblem,  a  microscope  slide  was  bent  at  right  angles  near  each  end,82  to  form 
legs,  and  placed  over  the  sublimand  in  a  horizontal  tube,  which  was  then 
evacuated  and  heated  in  the  under  section  of  a  modified  Pregl  heating 
block.  I  he  sublimate  then  collected  on  the  under' side  of  the  microscope 
slide.  By  providing  a  suitable  opening  near  the  sublimand  end  of  the  tube, 
provision  could  be  made  for  admission  of  a  slow  stream  of  dry  entrainer. 
In  a  somewhat  similar  apparatus,8*  sublimate  is  collected  on  a  microscope 
slide  held  0.1  to  0.01  mm.  above  the  surface  of  the  sublimand,  which  is 
heated  electrically.*  It  may  be  used  under  vacuum  or  with  an  atmosphere 
ot  inert  gas.  An  excellent  device84  for  the  sublimation84"  of  0.5  mg.  of  ma¬ 
terial  onto  a  slide  or  round  cover  glass  is  that  shown  in  Figure  12. 

Liquid-Cooled  Condenser.  External  Cooling.  Vertical,  vacuum  sub¬ 
limation  with  external  cooling85  of  the  condensing  surface  may  be  conducted 
by  placing  the  sublimand  in  a  small  test  tube  which  is  covered  with  a  piece 
of  parchment  paper  or  a  porous  plate  and  then  inserted  in  a  large  test 
tube.  This  is  evacuated,  and  heated  below  while  being  cooled  above. 
The  apparatus  may  be  used  either  for  micro-  or  macrosublimations.  If 
the  evacuating  tube  is  replaced  by  a  drying  tube,  it  may  also  be  employed 
for  sublimation  at  atmospheric  pressure.  Related  devices,86  in  which  the 
sublimate  may  be  collected  on  a  cover  glass  or  may  be  prevented  by  means 
of  a  wire  screen  from  falling  back  into  the  crude  sublimand,  have  been  de¬ 
scribed. 

Another  form  for  direct  sublimation  onto  a  microscope  cover  glass  con¬ 
sists87  of  an  electrically  heated,  thermostatically  controlled  metal  cylinder 
on  which  is  placed  a  glass  ring  containing  the  sublimand,  a  glass  slip,  and  a 
water-cooled  metal  cylinder.  By  changing  the  glass  slip  periodically, 
fractional  microsublimation  may  be  obtained. 

Internal  Cooling.  One  of  the  simplest  devices  for  vacuum  sublimation 
consists88  of  a  test  tube  cooled,  for  example,  with  running  water  and  placed 

82  Sehoeller,  Z.  angew.  Chem.,  35,  506  (1922). 

83  Kempf,  Z.  anal.  Chem.,  62,  284  (1923).  Kofler  and  Dembach,  Mikrochemie,  9, 

345  (1931).  R.  Fischer,  ibid.,  15,  247  (1934). 

84  Eder,  C.  A.,  7,  2832;  Schweiz.  Wochschr.,  51,  228,  241,  253  (1913). 

84a  Eder,  Arch.  Pharm.,  253,  14,  17  (1915).  Wagenaar,  C.  A.,  21,  675;  Pharm.  Week- 
blad,  64,  10  (1927).  Eder  and  Haas,  Mikrochemie,  Emich  Festschr.,  43  (1930).  Eder, 
C.  A.,  8,  398;  Vierleljahrssc.hr.  naturforsch.  Ges.  Zurich,  57,  291  (1912);  C.  A.,  6,  1204, 

Apoth.-Ztg.,  26,  831  (1911). 

85  Sckworzow,  Z.  angew.  Chem.,  20,  109  (1907). 

88  Viehoever,  J .  Assoc.  Office.  Agr.  Chemists,  6,  473  (1923). 

87  B  L.  Clarke  and  Hermance,  Ind.  Eng.  Chem.,  Anal.  Ed.,  11,  50  (1939). 

88  Nicolaysen,  Chem.-Ztg.,  25,  1031  (1901).  Breusch,  Z.  physiol.  Chem.,  227,  242 

(1934). 
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inside  a  larger  test  tube  containing  the  sublimand.  W hen  the  lar ger  tu 
is  evacuated  and  heated,  the  sublimate  collects  on  the  smaller  tube  but 
some  of  it  is  likely  to  drop  off  when  the  inner  tube  »  removed,  unless  the 
deposit  is  compact.  An  apparatus  of  this  kind  has  been  emp  oye 
simultaneous  vaporization  and  irradiation  of  ergosterol  to  give  a  vitamin 

D-containing  sublimate.  .  .,  .  ,, 

The  sublimator  may  be  provided90  with  a  ground-glass  joint;  it  is  then 

useful  for  fractional  sublimations.  A  similar  tube,  having  a  flat  bottom 

on  which  the  sublimand  is  spread  in  a  thin  - 

layer,  is  valuable  for  quantitative  microsubli¬ 
mation.  The  distance  from  sublimand  to  con¬ 
denser  tip  is  only  10  mm.  This  device  has  been 
employed  for  the  estimation  of  2- methyl-1, 4- 
naphthoquinone,  acetylsalicylic  acid,  phena- 
cetin,  phenobarbital,  nicotinamide,  salol,  and 
sulfanilamide  in  pharmaceutical  tablets.  Other 
components,  e.g.,  starch,  sucrose,  lactose,  tal¬ 
cum,  magnesium  stearate,  L-cystine,  and  d- 
glutamic  acid,  do  not  sublime  at  150°C.  and 
10  Ai- 

ln  the  apparatus91  shown  in  Figure  13,  the 
rubber  stopper  and  innermost  glass  tube  may 
be  removed  if  it  is  desired  to  cool  the  condensing 
surface  to  a  low  temperature,  e.g.,  with  dry 
ice-chloroform.  An  apparatus  of  this  kind 
has  been  found  suitable92  for  the  sublimation  of 
100-g.  samples  of  certain  compounds  at  0.025 
mm.  It  has  also  been  used98  in  the  preparation  of  gas-free  liquids,  by 
quasisublimation  of  the  liquid  onto  the  condenser,  cooled  with  dry  ice- 
ether.  The  dissolved  gases  are  not  condensed  but  are  drawn  off  and  sepa¬ 
rately  collected.  The  sublimate  is  then  melted,  allowed  to  drop  back  into 
the  still,  and  again  quasisublimed.  It  is  essential  that  the  temperature 
of  the  condenser  be  low  enough  that  the  vapor  shall  condense  directly  as 
solid  since,  were  liquid  to  condense,  it  might  redissolve  some  of  the  undesired 
gaseous  impurities.  Furthermore,  the  vapor  pressure  of  the  sublimate 
must  be  negligible  at  the  temperature  of  the  condenser,  so  that  loss  of 
sublimate  shall  be  inappreciable. 

"  Whittier,  U.  S.  Pats.  2,106,779  and  2,106,780  (1938).  Compare  Milas  U  S  Pat 
2,117,100  (1938).  ’  1 

“  Hubacher,  Ind.  Eng.  Chem.,  Anal.  Ed.,  15,  448  (1943). 

51  Viehoever,  J .  Assoc.  Offic.  Agr.  Chemists,  6,  473  (1923). 

”  E.  Tiedemann,  Ifk  Veroffentl.  Siemens-Konzern,  5,  229  (1926). 

,3  Hibben,  Bur.  Standards  J.  Research,  3,  97  (1929). 


^.a 

Fig.  13.  Vertical  vacuum 
sublimator  with  liquid-cooled 
condenser.91 
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A  microsublimator  of  this  same  type  is  provided94  with  a  small  well  for 
t  e  subhmand.  It  is  alleged  that  the  sublimate  is  then  deposited  on  the 
bottom  of  the  condenser  instead  of  on  the  walls  of  the  still  and  the  upper 
part  of  the  condenser.  A  similar  sublimator,95  having  a  vacuum-jacketed 
cooling  element  is  suitable  for  semimicrosublimations  involving  use  of  dry 
ice,  liquid  ammonia,  or  liquid  nitrogen  as  coolant.  With  such  a  sublima¬ 
tor,98  cholesterol  has  been  sublimed  from  blood  lipides  at  88°  and  0.003  y. 

If  sublimators  having  ground-glass  joints  are  to  be  used  under  very  high 
\  acuums,  it  is  necessary  to  lubricate  the  joints  with  special  grease,97  and 
danger  arises  that  the  sublimate  may  become  contaminated  with  the  grease 
during  the  sublimation  or  on  withdrawing  the  condenser  at  the  end  of  the 
sublimation.  An  apparatus  having  a  large  flange  joint98  instead  of  a  tap¬ 
ered  joint  was  therefore  devised  (Fig.  18,  Chap.  VI).  This  was  later  sim¬ 
plified99  by  providing  a  subhmand  well  Avhich  could  be  heated  in  an  oil 
bath  and  by  sealing  the  water-cooled  condenser  into  the  upper  dome  (Fig. 
19,  Chap.  VI).  In  another  modification,100  an  electric  hot  plate  was  em¬ 
ployed  and  the  dome  was  replaced  by  a  tightly  fitting  iron  cover  through 
which  passed  a  tubular  condenser,  arranged  horizontally.  Beneath  this 
was  placed  a  glass  condenser  plate  for  collection  of  sublimate. 

So  that  the  distance  between  condenser  and  subhmand  surface  might  be 
adjustable  to  suit  the  particular  subhmand  and  to  avoid  the  danger  of 
contamination  by  grease  inherent  in  the  use  of  tapered  ground-glass  joints, 
it  is  recommended101  that  a  rubber  stopper  placed  on  a  stout  glass  flange  be 
employed  instead  of  a  ground  joint.  Furthermore,  a  Pyrex  glass  cloth 
may  be  employed  to  catch  any  falling  sublimate,  and  the  condenser  may 
be  pushed  down  until  it  is  almost  touching  this  glass  cloth  The  condenser 
is  bulb  shaped  to  deter  deposition  of  sublimate  in  the  upper  parts  of  the 
still.  A  rather  similar,  but  perhaps  less  flexible,  design  has  also  been  de¬ 
scribed.102  Onto  the  edges  of  the  condenser,  having  a  convex  lower  sur¬ 
face,  are  sealed  three  small  pieces  of  glass  rod.  These  are  bent  inward  at 
right  angles  to  form  a  support  for  a  metal  screen  fine  enough  to  catch  all 
crystals  falling  on  it.  Since  many  sublimates  attack  metal,  a  sealed-in, 
coarse  sintered-glass  plate  might  well  be  substituted  for  the  metal  screen. 

94  Riegel  et  al.,  Ind.  Eng.  Chem.,  Anal.  Ed.,  15,  417  (1943);  see  Fig.  17,  Chap.  VI. 

«  Marberg,  J.  Am.  Chem.  Soc.,  60,  1509  (1938). 

»«  a.  E.  Koehler,  E.  Hill,  and  Fearnev,  Federation  Proc.,  7,  No.  1,  Part  1,  165  (1948). 

97  Burch,  Proc.  Roy.  Soc.  London,  123A,  271  (1929).  Morton  et  al.,  Ind.  Eng.  Chem., 
Anal.  Ed.,  11,  460  (1939).  Bailey,  ibid.,  14,  177  (1942). 

98  Carothers  and  Hill,  J.  Am.  Chem.  Soc.,  54,  1557  (1932). 

99  Strain  and  Allen,  Ind.  Eng.  Chem.,  Anal.  Ed.,  7,  443  (1935). 

100  Bailey,  Ind.  Eng.  Chem.,  Anal.  Ed.,  14,  177  (1942). 

101  Morton  et  al.,  Ind.  Eng.  Chem.,  Anal.  Ed.,  11,  460  (1939). 

192  Nelson,  Ind.  Eng.  Chem.,  Anal.  Ed.,  14,  153  (1942). 
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To  avert  deposition  in  the  holes  of  the  screen  or  sintered  glass  the  uppe 
surface  of  the  heating  bath  should  be  slightly  above  the  level  of  the  screen. 
Simpler  devices  for  catching  a  falling  sublimate  consist  of  a  watch  glass 

sealed  onto  or  mounted  under  the  condenser  end.  .  ...  . 

Certain  stills  suitable  for  distillation  of  liquids103  require  modification  for 
use  as  sublimators  since  the  place  of  deposition  of  a  sublimate  must  be  ac¬ 
cessible  whereas  a  liquid  will  flow  from  the  condensation  area  to  an  acces¬ 
sible  point.  A  still  has  been  designed  for  the  sublimation104  of  compounds 
which  readily  drop  off  the  condensing  surface.  It  consists  essentially  of  an 
alembic  in  which  the  positions  of  sublimand  and  sublimate  are  the  reverse 
of  those  normal  for  distilland  and  distillate  in  distillation.  The  sublimand 
is  introduced  through  a  filling  tube  into  an  annular  receptacle  surrounded 
by  an  electrically  heated  oil  bath.  The  material  volatilizes  and  strikes  the 
cooling  surface  5  here  it  collects,  and  then  falls  off  into  the  leceiver,  not 
back  into  the  sublimand.  Material  which  collects  as  large  crystals  falls  off 
readily  and  the  operation  need  not  be  interrupted.  The  cooling  surface  is 
entirely  surrounded  by  warm  space  so  that  sublimate  collects  at  no  other 
part  of  the  apparatus.  The  short  distance  between  the  annulus  and  the 
condenser  is  advantageous. 

For  very  difficultly  volatilizable  compounds  it  is  essential  that  the  con¬ 
densing  surface  be  close  to  the  surface  of  the  sublimand.  The  gap  should 
be  large  enough  to  accommodate  the  flow  of  uncondensed  vapor,  arising 
from  decomposition  and  leaks,  and  yet  be  small  enough  to  be  commensurate 
with  the  mean  free  path  of  the  sublimand  vapor  molecules.  For  rapid 
pumping,  the  side  arms  for  connection  to  the  evacuating  system  should  be 
wide.  Molecular  stills  (see  Chapter  VI)  may  be  employed  for  fractional 
sublimation  of  a  mixture  whose  components  differ  in  volatility  or  molecular 
size,  or  both.  Thus,  a  thin  layer  of  the  sublimand  is  spread  on  the  bottom 
of  the  sublimator106  and  the  condensing  surface,  only  2  to  3  mm.  from  the 
solid,  is  cooled  with  running  water  or  dry  ice-acetone.  The  sublimator  is 
then  evacuated  to  less  than  10  ~6  mm.  mercury.  Under  these  conditions, 
1,2,5,6-dibenzanthracene  (m.p.,  260°)  sublimes  readily  at  140°  and  slowly 
at  100°.  A  still  of  this  kind  has  been  employed  in  the  study  of  pyrolysis  of 
high  polymers.106  A  number  of  such  sublimators,  macro  or  micro,  may  be 
attached107  to  a  manifold,  40  mm.  in  diameter,  maintained  at  10~5  mm.  and 
provided  with  an  auxiliary  degassing  line  maintained  at  10“3  mm.  If  the 


103  Hickman  and  Sanford,  J.  Phys.  Chem.,  34,  637  (1930);  see  Fig.  15,  Chap  VI 

104  Kleipool,  Chem.  Weekblad,  43,  123  (1947).  Compare  F.  C.  Koehler,  Chem-Zta 

39,122  (1915).  * 

186  McDonald,  J.  Franklin  Inst.,  221,  103  (1936). 

101  Madorsky  and  Straus,  Chem.  Eng.  News,  26,  948  (1948). 

107  Riegel  et  al.,  Ind.  Eng.  Chem.,  Anal.  Ed.,  15,  417  (1943). 
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sublimators  are  electrically  heated,  sublimations  may  be  allowed  to  run  for 
long  periods  of  time  without  attention. 

The  microsublimator  described  by  Eder'°»  (see  Fig.  12)  has  been  modified 
in  a  number  of  ways,  e.g.,  by  encasing  most  of  the  thermometer  with  a 
water-cooled  condenser  on  which  sublimate  collects.109  The  thermometer 
bulb  reaches  into  the  sublimand  in  the  small  well.  With  this  device,  it  was 
possible  to  determine  the  “initial  temperature  of  sublimation,”  i.e.,  the 
temperature  at  which  sublimate  was  first  observed  at  a  given  pressure  while 
the  temperature  was  being  raised  1°  per  minute.  When  two  such  con¬ 
densers  were  placed  in  the  ends  ot  a  U-tube,  containing  the  sublimand  and 
bearing  a  ground  joint  at  each  end,  a  device  for  fractional  macrosublimation 
was  obtained.  With  the  system  suitably  evacuated,  one  condenser  was 
kept  cold  until  all  of  one  component  had  sublimed.  Then  this  section  was 
closed  off  and  the  other  condenser  was  cooled,  the  temperature  of  the  sub¬ 
limand  being  gradually  raised  until  sublimation  of  the  second  component 
was  appreciable. 


In  another  variation,110  the  thermometer  is  replaced  by  a  water-cooled 
tubular  condenser.  The  apparatus  is  useful  for  the  qualitative  sublima¬ 
tion  of  plant  constituents.  A  simpler  form,  with  no  ground  joint,  was  also 
described.  By  flattening  the  lower  end  of  the  condenser,111  and  touching  it 
with  a  drop  of  anhydrous  glycerol,  a  cover  glass  could  be  made  to  adhere. 
The  sublimand  was  placed  in  the  small  well.  Alternatively,  this  was  filled 
with  sand  or  fine  iron  filings  on  which  was  placed  a  copper  foil  or  small 
glass  dish  containing  the  sublimand;  with  this  arrangement,  the  well  could 
be  dispensed  with.  By  changing  the  glass  disc  before  each  rise  in  tempera¬ 
ture,  it  was  found  possible  to  conduct  fractional  microsublimations  for 
microchemical  characterization. 

In  a  modification,110  the  lower  end  of  the  condenser  is  curved  downward 
and  is  placed  over  an  annulus  which  serves  for  the  collection  of  any  liquid 
condensate,  formed,  for  example,  in  treatment  of  plant  products.  The 
bulb  containing  the  sublimand  is  inserted  in  an  electrically  heated  oil  bath 
so  that  the  middle  of  the  ground,  restricted  neck  is  level  with  the  oil  surface. 
If  no  liquid  condensate  forms  but  some  sublimate  collects  on  the  walls  of  the 
upper  part,  this  restricted  neck  may,  after  the  sublimation,  be  plugged  with 
a  ground-glass  stopper  so  that  the  sublimate  may  be  dissolved  out.  Should 
the  sublimate  tend  to  collect  as  hanging  deposits,  a  metal  gauze  or  perfo¬ 
rated  disc  may  be  placed  on  the  annulus.  If  a  small  sample  of  sublimate  is 


108  Eder,  Schweiz.  Wochschr.,  51,  228,  241  (1913). 

109  II lari,  C.  A.,  25,  2880;  Ann.  chim.  applicata,  21,  127  (1931). 

110  Viehoever,  J.  ylssoc.  Offic.  Agr.  Chemists,  6,  473  (1923). 

in  O.  Werner,  Mikrochemie,  1,  33  (1923).  G.  Klein  and  O.  Werner,  Z.  physiol.  Chem., 
143,  141  (1925). 
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desired  for  microscopic  examination,  a  microscope  cover  glass  may  be 
placed  across  the  annulus,  just  below  the  end  of  the  QUantitative 

Figure  14  depicts  an  apparatus  which  may  be  use  q  - 

or  qualitative  macrosublimations  and  for  microsubhmation  onto  a  micro¬ 
scope  slide.  Glass  dishes  of  various  sizes,  containing  the  sublimand,  y 
be  placed  on  a  spring  support.  For  microsublimations,  a  glass  capsu  e 
with  a  narrow  base  is  placed  in  the  central  hole  m  this  spring  support, 
desired,  a  porous  diaphragm,  e.g.,  100-mesh  platinum  gauze  may  be  placed 
on  the  dish.  The  disadvantage  of  this  apparatus  is  that  the  sublimate 
must  be  washed  off  the  condenser.  For  com¬ 
parative  results,  two  such  sublimators  may  be 
heated  in  the.  same  bath,  cooled  with  the  same 
cooling  system,  and  evacuated  by  the  same 
pump. 

D.  ENTRAINER  VACUUM  SUBLIMATION 

Air-Cooled  Condenser.  If  a  poorly  fitting 
ground-glass  joint  is  deliberately  employed  in 
the  apparatus  previously  described113  for 
vacuum  sublimation  (Fig.  11),  hot  air  enters 
the  sublimator,  is  directed  onto  the  surface  of 
the  sublimand,  and  acts  as  entrainer.  The 
simple  apparatus  shown  in  Figure  15,  used114 
for  purification  of  phthalimide  and  benzoic  acid 
by  repeated  sublimation,  consists  of  a  suction 
flask  attached  to  a  glass  funnel  inverted  over  a 
dish  in  which  the  material  is  heated.  For  the 
sublimation  of  small  quantities,  a  watch  glass 
may  be  used;  for  larger  amounts,  the  funnel  may  be  placed  on  a  piece  of 
perforated  cardboard  or  aluminum  sheet  resting  on  a  porcelain  dish  con¬ 
taining  the  material.  For  continuous  sublimation,  use  of  a  strong,  arched 
aluminum  disc,  packed  on  the  funnel  with  premoistened  asbestos  paper,  is 
recommended.  A  small  cotton  wad  is  placed  in  the  side  tube  of  the  suction 
flask  to  minimize  loss  on  evacuating. 

In  the  apparatus115  depicted  in  Figure  16,  the  entrainer  is  admitted  at 
any  desired  speed  and  the  center  tube  is  used  for  connection  to  the  vacuum 
pump.  A  piece  of  paper  or  other  porous  material  is  placed  as  shown,  to 
prevent  sublimate  from  falling  onto  the  sublimand  and  to  prevent  spatter- 

112  Hortvet,  J.  Assoc.  Offic.  Agr.  Chemists,  6,  481  (1923) 

113  Riiber,  Ber.,  33,  1655  (1900). 

John  and  Fischl,  J.  prakt.  Chem.,  110,  282  (1925) 

Diepolder,  Chem.-Ztg.,  35,  4  (1911). 


Fig.  14.  Vertical  vacuum 
sublimator  with  liquid-cooled 
condenser.112 


114 


116 
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g  of  sublimand  onto  the  sublimate.  An  excellent  device"1  for  preventing 
sublimate  fiom  falling  back  into  the  sublimand  consists  of  a  double  bend  in 
the  tube  between  the  two  as  shown  in  Figure  17.  Sublimand  is  introduced 
into  the  U-tube  through  its  straight  limb  and  is  heated  in  an  air  bath  or  oil 
bath.  The  entrainer  enters  through  a  baffle  system  inserted  in  the  straight 
imb;  this  prevents  the  formation  of  vortices  which  would  carry  sublimate 
against  the  direction  of  the  entrainer  current.  At  the  top  of  the  bent  limb 


Fig.  15.  Vertical  en-  Fig.  16.  Vertical  entrainer-  Fig.  17.  Vertical  en¬ 
trainer -vacuum  subli-  vacuum  sublimator. 115  trainer  -  vacuum  subli- 

mator.lu  mator.11* 

is  placed  a  perforated  porcelain  disc  covered  with  filter  paper  and  held  in 
place  with  a  piece  of  wide  rubber  tubing.  This  prevents  loss  of  sublimate 
when  suction  is  applied  to  the  tube  above  this  plate.  The  internal  pressure 
is  kept  at  about  40  mm.  The  apparatus  was  found  useful  for  hastening  the 
sublimation  of  thioxanthone,  which  decomposed  during  simple  vacuum  sub¬ 
limation  because  of  the  slowness  of  the  latter  process. 

A  rather  similar  U-tube  sublimator  was  used11'  for  purifying  2,3-benzan- 
threne  and  perylene,  and  preparing  unit  crystals  ol  these  materials  suitable 
for  determination  of  crystal  structure.  The  pressure  in  the  system  was 
under  1  mm.,  and  dry  argon  was  admitted  in  a  constant  stream  at  constant 
temperature.  The  device  was  also  used  for  fractional  sublimation  since, 

116  Christopher,  Proc.  Chem.  Soc.,  27,  236  (1911). 

117  Hertel  and  Bergk,  Z.  physik.  Chem.,  B33,  319  (1936). 
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by  careful  regulation  of  the  temperature,  two  zones  were  obtainable  from 

certain  two-component  sublimands.  .  ,.  , 

Liquid-Cooled  Condenser.  Because  of  their  similarity  to  vertical 

vacuum  sublimators  previously  described  (see  Sect.  IV1C),  differing  on  y 
in  the  admission  of  an  entrainer,  devices  of  this  kind  will  not  be  discussed. 


2.  Horizontal  Sublimators 

Retort-type  sublimators  differ  from  distillation  devices  of  this  kind  in  that 
the  tube  connecting  the  vaporizing  chamber  with  the  condensing  chamber 
must  be  short,  wide,  and  readily  cleanable,  so  that  the  possibility  of  clogging 
is  minimized.  For  preference,  this  tube  should  be  maintained  at  such  a 
temperature  that  no  crystallization  occurs  in  it.  The  condensing  tube  or 
chamber  must  also  be  wide  and  voluminous. 


A.  SIMPLE  SUBLIMATION 

Air-Cooled  Condenser.  The  simplest  form  is  a  horizontal  tube  sealed 
at  one  end.  The  sublimand  is  placed  near  the  sealed  end  and  heated; 
the  sublimate  collects  in  the  cooler,  unsealed  end.  Thus,  trioxymethylene 
was  readily  sublimed118  in  a  bomb  tube  heated  in  a  furnace  with  the  un¬ 
sealed  end  projecting  from  the  furnace.  The  apparatus  has  been  improved 
by  using  a  standard-taper  or  spherical  ground-glass  joint  for  connecting 
the  vaporizer  to  the  cylindrical,  horizontal  condenser. 

Enlarging  the  sealed  end  of  the  tube  to  give  a  true  retort  permits  the  sub¬ 
limation  of  relatively  large  amounts  of  material.  The  retort  side  arm  may 
be  inserted119  in  the  neck  of  a  bell  jar  resting  on  a  glass  plate.  The  subli¬ 
mate  collects  in  a  porcelain  dish.  The  apparatus  may  also  be  employed 
for  vacuum  sublimation  if  the  bell-jar  rim  is  carefully  ground  to  fit  the 
supporting  glass  plate.  Industrially,  to  prevent  blocking  by  sublimate,  the 
connecting  tube  extends  down  into  the  vaporizer,  is  enlarged  where  it 
leaves  this  chamber,  and  is  heat  insulated  outside  the  vaporizer.120  The 
condensing  chamber  may  be  equipped  with  a  rotating  drum  from  which  the 
sublimate  is  mechanically  scraped,  in  fractions,  into  a  receiver. 

For  microsublimation,  the  sublimand  is  introduced121  into  a  glass  tube, 
e.g.,  200  mm.  long  and  of  7  mm.  external  diameter,  closed  at  one  end.  The 
closed  end  is  placed  in  a  metal  block  having  a  thermometer  in  another  hole. 
The  block  is  heated  with  a  microburner,  and  it  is  possible  to  observe  with 

118  Tollens,  Ber.,  15,  1828  (1882). 

119  R.  Wright,  Chem.  News ,  103,  138  (1911). 

110  F.  Bayer  and  Co.,  German  Pats.  332,196;  334,669;  343,319  (1919). 

h .  Pregl,  Quantitative  Organic  Microanalysis.  Translation  by  Fyleman  Churchill 
London,  1924,  p.  176.  ’ 
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some  precision  the  temperature  at  which  sublimation  into  the  cool  part  of 
the  tube  becomes  noticeable.  After  sublimation  is  complete,  the  section 
of  the  tube  containing  the  sublimate  is  cut  off,  and  the  sublimate  removed. 
A  substance  containing  moisture  may  be  heated  to  120°  and  the  water 
w  ich  condenses  at  a  (Fig.  18)  may  be  evaporated  by  means  of  the  micro- 
ttame  c.  With  extremely  small  samples,122  the  microtube  is  then  drawn 
out  to  a  finer  bore  at  b  and  the  temperature  of  the  block  is  gradually  raised 
until  sublimation  occurs  and  the  sublimate  collects  at  b. 


Fig.  18.  Horizontal 
microsublimator. 122 


Fig.  19.  Horizontal  sublimator  with  liquid- 
cooled  condenser. 123 


Liquid-Cooled  Condenser.  A  simple  horizontal  sublimator123  which 
may  be  cooled  with  running  water  is  shown  in  Figure  19.  The  sublimand 
is  placed  in  a  crucible  which  rests  in  the  hole  of  the  annulus  and  is  covered 
with  an  inverted  dish,  funnel,  or  beaker. 

Very  readily  sublimable  compounds  may  be  sublimed124  in  a  desiccator 
heated  above  by  means  of  an  electric  light  bulb  held  in  place  with  plaster  of 
Paris.  The  sublimand  is  placed  in  a  beaker.  A  second  beaker  may  con¬ 
tain  phosphorus  pentoxide  for  desiccation;  normally,  it  should  be  removed 
prior  to  sublimation.  The  top  of  the  desiccator  may  be  insulated,  and  the 
bottom  and  walls,  which  serve  as  the  condensing  surface,  appropriately 
cooled. 


n.  ENTRAINER  SUBLIMATION 

Air-Cooled  Condenser.  The  simplest  device  of  this  kind  consists125  of 
a  long  tube  to  one  end  (A)  of  which  is  attached  the  source  of  entrainer, 
to  the  other  a  bubble  counter.  The  sublimand  is  placed  in  the  tube  near  A 

122  Benedetti-Pichler,  Ind.  Eng.  Chem.,  Anal.  Ed.,  2,  309  (1930). 

123  Briihl,  Ber.,  22,  238  (1889).  Tseng  and  IIu,  C.  A.,  28,  5718;  Science  Quart.  Natl. 
Univ.  Peking,  4,  327  (1934). 

124  Cornog  and  Olson,  Ind.  Eng.  Chem.,  Anal.  Ed.,  11,  551  (1939). 

123  Volhard,  Ann.,  261,  380  (1891).  Honigschmid  and  Birckenbach,  Ber.,  55,  4 

(1922). 
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and  is  suitably  heated.  The  sublimate  collects  in  the  cooler  end  of  the  tube. 

In  another  apparatus,126  the  sublimand  is  placed  m  a  spiral  glass  tube 
which  is  then  inserted  in  a  thermostat  kept  just  below  the  melt  ing  pom  . 
The  air  current  enters  through  soda  lime  and  drying  tubes,  passes  over  the 
sublimand,  through  a  heated  tube  and  stopcock  encased  in  brass  tubing, 
and  thence  into  a  wide  horizontal  tube  where  sublimate  collects.  The  en- 
trainer  then  passes  through  a  calcium-chloride  tube  and  into  an  aspirator. 
With  this  apparatus,  the  sublimation  of  naphthalene  and  of  mixtures  of 

naphthalene  with  /3-naphthol  was  studied. 

Industrially,  the  sublimand  vapor,  e.g.,  naphthalene  or  benzoic  acid,  is 
led  by  means  of  an  entrainer  from  a  heated  chamber,1-'  which  may  be 
a  rotatable,  horizontal  cylinder  heated  with  a  steam  coil,128  into  the 
condensing  chamber.  The  sublimand  is  sometimes  melted,  and  a  series 
of  fractions  of  sublimate  may  be  collected. 

The  simplest  form  of  horizontal  semimicrosublimator  consists  of  a 
straight  glass  tube  into  which  is  introduced  a  boat  containing  the  sub¬ 
stance.  A  current  of  air  or  other  indifferent  gas  is  then  passed  through 
the  tube,  which  is  heated  under  the  boat  and  cooled  beyond  it.  En¬ 
trainer  microsublimation  may  be  conducted  as  previously  described  (see 
Sect.  IV2A)  except  that  a  longer  tube,  having  a  capillary  constriction 
for  the  first  third  of  its  length,  is  used.  Next  to  the  constriction  is  placed 
a  layer  of  asbestos  and  then  the  sublimand.  Both  ends  of  the  tube  are 
left  open  and  protrude  from  the  block.  The  end  nearer  the  sublimand 
is  connected  to  the  source  of  inert  gas. 

For  entrainer  quasisublimation,  with  cooling  by  means  of  cold  air,  the 
compound  is  placed129  in  a  retort  and  heated  until  molten,  but  not  boiling, 
e.g.,  until  its  vapor  pressure  is  about  100  mm.  The  vapor  is  blown,  by 
means  of  compressed  air  directed  onto  the  surface  of  the  melt,  ii\to  a  wide- 


Fig.  20.  Horizontal  en¬ 
trainer  quasisublimator 
with  air-cooled  conden¬ 
ser.129 


126  Perman  and  J.  H.  Davies,  J.  Chem.  Soc.,  91,  1114  (1907). 

127  Andrews,  Conover,  John,  and  Ruth,  Brit.  Pat.  179,991  ( 1921 ) - 
93,  IV,  839  (1922);  Selden  Co.,  Swiss  Pat.  93,810  (1921) 

128  Cole,  C.  A.,  17,  1483;  U.  S.  Pat,  1,445,870. 

129  Robertson,  J.  Chem.  Education,  9,  1713  (1932). 
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mouth  bottle  whose  bottom  has  been  removed  (Fig.  20).  A  cotton  bag  is 
tied  over  the  end  of  this  receiver,  and  the  mouth  of  the  bottle  is  stuffed  with 
cotton  to  prevent  escape  of  material.  The  aerated  vapor  tends  to  con- 
ense  as  a  mist,  but  a  current  of  air,  chilled  by  passage  through  a  copper 
coil  immersed  in  ice  water,  is  directed  into  the  receiver  and  a  fluffy,  crystal¬ 
line  product  results.  Naphthalene,  heated  to  about  140°,  and  benzoic 
acid,  heated  to  about  170°,  are  readily  purified  in  this  way. 

Liquid-Cooled  Condenser.  A  simple  apparatus130  for  en trainer  sub¬ 
limation,  having  a  water-cooled  condenser,  is  shown  in  Figure  21.  The 
sublimand  is  heated  by  means  of  an  aluminum  block  and  the  stream  of 
vapor  is  heated  with  a  second  block  before  passing  into  the  condensing 


Fig.  21.  Horizontal  entrainer  sublimator  Fig.  22.  Horizontal  entrainer  sublimator 
with  liquid-cooled  condenser.130  with  liquid-cooled  condenser.133 


vessel.  The  physical  character  of  the  sublimate  can  be  varied  by  chang¬ 
ing  the  speed  of  the  stream  of  dry  entrainer.  A  sublimator  of  this  kind 
may  be  assembled131  from  a  drying  pistol  plus  a  few  supplementary  pieces. 
A  rather  similar  steam  sublimator132  has  been  described. 

A  horizontal  sublimator,  suitable  for  quantitative  sublimation133  (Fig. 
22),  consists  of  a  vaporizer  tube  and  a  condensing  tube.  A  plug  of  glass 
wool  is  stuffed  into  the  narrow  end  of  the  vaporizer,  the  sublimand  is  in¬ 
troduced,  a  plug  of  glass  wool  is  inserted  into  the  wide  end,  and  the  whole 
weighed.  It  is  then  attached  to  the  condensing  tube  which  is  cooled  with  a 
stream  of  ice  water,  a  slow  current  of  dry  air  is  drawn  through,  by  suction 
on  the  side  arm  of  the  condensing  tube,  and  the  vaporizer  is  heated  elec¬ 
trically.  After  sublimation  is  complete,  the  condensing  tube  is  detached, 
dried,  and  weighed.  Camphor,  naphthalene,  and  benzoic  acid  sublimed 

130  De  Bruijn,  Chem.  Weekblad,  37,  249  (1940). 

131  Adickes,  C.  A.,  38,  2853;  Chem.  Tech.,  15,  173  (1942). 

1,2  D.  Craig,  Ihd.  Eng.  Chem.,  Anal.  Ed.,  9,  56  (19.17). 

133  Fuller,  Chemist-Analyst,  29,  6  (1919). 
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readily  in  this  apparatus,  giving  a  99  to  100%  recovery.  A  convenient 
rate  of  entrainer  flow  was  found  to  be  1.3  liters  per  hour 

The  maximum  speed  of  sublimation  cannot  be  attained  with  the  e 
trainer  sublimators  so  far  discussed  because  the  entrainer  tends  to  pass  only 
over  the  surface  of  the  sublimand  and  does  not  become  completely  saturated 
with  its  vapor.  This  may  be  overcome'”  by  a  sealed-in,  coarse  sintere  - 
glass  plate  interposed  between  sublimand  and  sublimate  The  finely 
powdered  sublimand  is  loosely  packed  on  one  side  of  the  plate  and  held 
in  place  by  means  of  a  porous  asbestos  plate  (Fig.  23).  The  entrainer 
then  has  access  to  all  of  the  sublimand;  a  useful  speed  is  1  to  2  cc.  ol  en¬ 
trainer  per  second.  The  sublimand  and  sintered  plate  are  conveniently 
heated  in  a  metal  block  which  should  be  covered  with  an  asbestos  sheet, 
since  otherwise  the  upper  part  might  not  get  as  hot  as  the  lower.  The 


I  t  t 


-rrh- 


Fig.  23.  Horizontal  entrainer  sublimator  with  sintered- 
glass  plate.134 


temperature  is  preferably  kept  some  10°  below  the  melting  point.  The 
condensing  tube  may  be  closed  with  a  solid  rubber  stopper  and  cooled  ex¬ 
ternally  with  running  water  instead  of  by  an  inserted  condenser  as  shown. 
Efficient  cooling  is  essential  in  quantitative  work. 


C.  VACUUM  SUBLIMATION 

The  horizontal  vacuum  sublimator  is  essentially  a  retort  having  a 
cooled  condenser;  the  pressure  in  the  apparatus  is  diminished,  by  means 
of  a  pump,  until  below  the  triple-point  pressure  of  the  sublimand.  The 
maximum  effect  is  obtained  if  the  material  in  the  retort  is  only  just  below 
the  melting  point. 

Air-Cooled  Condenser.  Sublimators  of  this  kind  may  be  conveniently 
grouped  according  to  whether  the  source  of  heat  is  stationary,  movable, 
or  graded. 

Stationary  Source  of  Heat .  The  sublimand  is  shaken  down  into  the  closed 
end  of  a  tube135  which  is  then  held  horizontal  and  tapped  until  the  compound 
spreads  out  into  a  horizontal  layer.  After  the  tube  has  been  evacuated  and 
the  open  end  sealed,  the  end  containing  the  sublimand  is  placed  horizon¬ 
tally  in  a  furnace,  so  that  the  other  end  projects  into  the  open  air.  The 

154  Soltys,  Mikrochemie,  Emich  Festschr.,  275  (1930). 

1,4  \  olhard,  Ann.,  261,  380  (1891).  Ivnocke,  Ber.,  42,  206  (1909). 
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sublimate  then  collects  in  this  cooler  part  of  the  tube.  To  ensure  a  con- 
s  taut  temperature  for  the  subliman, 1  in  smaller-scale  work,  the  sublimand 
end  of  the  tube  may  be  enclosed  in  a  heating  jacket'*  containing  a  liquid 
of  suitable  boiling  point.  The  liquid  is  heated  to  boiling,  under  reflux 
(r  ig.  24).  An  Abderhalden  drier  may  be  used  for  this  purpose. 

In  early  experiments  on  sublimation  at  pressures  of  about  0.001  mm., 
an  all-glass  apparatus  devoid  of  ground  joints  was  employed.137  In  case 
the  sublimand  might  not  have  been  thoroughly  dry  and  free  from  volatile 
impurities,  a  condensing  or  absorption  trap  was  connected138  between  the 
sublimate  receiver  and  the  pump.  Quinine  sublimed  readily  at  a  bath 
temperature  of  170-180°.  Morphine,  indigo,  alizarin,  anthracene,  chrys¬ 
ene,  camphoric  acid,  caffeine,  theobromine,  and  codeine  were  also  subli- 


Fig.  24.  Horizontal  vacuum  subli-  Fig.  25.  Modified  retort  for  vacuum  sublima- 
mator.136  tion.139 

mable  in  this  apparatus.  The  sublimator  was  improved139  by  the  introduc¬ 
tion  of  two  ground-glass  joints,  as  shown  in  Figure  25.  This  rendered  it 
capable  of  being  readily  disassembled,  a  feature  of  particular  value  in  frac¬ 
tional  sublimation  employing  a  stationary  source  of  heat.  The  retort  is 
so  shaped  that  it  can  be  heated  in  any  kind  of  bath,  including  a  hot-air 
oven.  The  joint  by  which  it  is  attached  to  the  condensing  tube,  and  the 
first  few  inches  of  the  latter,  should  also  be  heated.  At  pressures  of  0.5  to 
17  mm.,  such  compounds  as  alizarin  and  indigo  were  sublimed  quantita¬ 
tively.  The  apparatus  was  also  found  useful  for  the  preparation  of  certain 
acid  anhydrides  from  the  corresponding  acids,  e.g.,  maleic  anhydride  from 
maleic  acid. 

A  sublimator  of  totally  different  design,140  useful  for  macrosublimations, 

Krafft  and  Bergfcld,  Ber.,  38,  254  (1905).  Hansen,  ibid.,  42,  210  (1909). 

337  Krafft  and  Weilandt,  Ber.,  29,  1316,  2240  (1896);  32,  1623  (1899).  Krafft  and 
Dyes,  ibid.,  28,  2583  (1895). 

138  Compare  Biltz,  Ber.,  45,  3662  (1912). 

139  Kempf,  Ber.,  39,  3722  (1906);  Chem.-Ztg.,  30,  1250  (1906);  J.  prafct.  Chem.,  78, 
201  (1908).  Compare  N.  L.  Smith,  Anal.  Chem.,  20,  1252  (1948). 

140  Morey, ./.  Am.  Chem.  Soe.,  34,  550  (1912). 
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is  shown  in  Figure  26.  It  consists  of  a  large  bell  jar  carefully  ground  to 
fit  a  glass  plate.  The  joint  is  never  heated  and  may  be  lubricated,  since 
sublimate  does  not  come  in  contact  with  it.  On  the  glass  plate  rests  a 
large  crystallizing  dish  which  serves  as  receiver  for  the  sublimate.  A  hole 


Fig.  26.  Vacuum  sublimator.14' 

is  bored  in  this  plate  for  introduction  of  the  evacuating  tube.  Two  corre¬ 
sponding  holes  are  bored  in  the  plate  and  this  dish,  through  which  are  pas¬ 
sed  wires  for  an  electric  heater  supported  by  a  wide  glass  tube  which  pre¬ 
vents  access  of  sublimate  to  the  wires.  The  bottom  is  cut  out  of  a  glass 
crystallizing  dish,  this  is  then  inverted  and  placed  on  the  hot  plate  to  pre¬ 
vent  sublimate  from  reaching  the  latter.  In  the  hole  in  the  crystallizing 
dish  is  placed  a  platinum  or  glass  dish  containing  the  sublimand.  In 
subliming  such  compounds  as  salicylic  acid  it  is  important  that  the  material 
should  not  come  in  contact  with  metal.  The  apparatus  gives  rapid,  ef¬ 
ficient  sublimation  of  such  compounds  as  naphthalene  and  benzoic  acid. 
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M°vabh  Heating  Zone.  By  slowly  and  uniformly  moving  the  sublimand 
end  of  a  horizontal  tubular  sublimator  into  the  heating  zone,'*'  e  g.,  a  tubu- 
lar  electric  heater  or  by  periodically  moving  the  source  of  heat  back  along 
the  tube,  -  e.g.,  about  6  cm.  each  time,  preferably  with  simultaneous  in¬ 
crease  in  temperature  by  a  few  degrees,  it  has  been  found  possible  to  obtain 
some  degree  ot  separation  of  two  substances,  through  the  deposition  of  more 
or  less  distinct  bands  of  each  material  in  the  cooler  part  of  the  tube.  These 

may  show  gradation  in  color,  and  their  melting  points  and  other  properties 
may  readily  be  checked. 


Graded  Heating  Zone.  By  use  of  a  graded  heating  zone,142-143  most  read¬ 
ily  obtained  electrically,  a  great  improvement  in  fractional  sublimation 
results.  Sublimand  is  volatilized  at  the  closed  end  of  the  tube  and  the 
vapor  is  allowed  to  condense  fractionally  by  controlling  the  heat  through¬ 
out  the  length  of  the  tube.  Such  a  device  is  shown  in  Figure  21,  Chapter 


Liquid-Cooled  Condenser.  External  Cooling.  Quasisublimation,  fol¬ 
lowed  by  true  sublimation,  has  been  used  in  freeing  a  sublimable  substance 
from  dissolved144  gas,  and  in  separation146  of  3  substances  normally  gaseous 
at  room  temperature  (Ch.  IV).  The  mixture  of  gases  is  cooled  until 
liquid,  e.g.,  in  a  vessel  cooled  in  liquid  nitrogen  contained  in  a  Dewar 
flask.  The  two  more  volatile  gases  are  then  allowed  to  vaporize  off  partly 
and  are  collected  as  liquid  in  a  second  cooled  vessel.  This  liquid  is  again 
allowed  to  vaporize  and  the  vapor  is  condensed  to  solid  in  a  third  cooled 
vessel.  Finally,  this  solid  is  sublimed  under  diminished  pressure,  the  oc¬ 
cluded  gaseous  impurity  being  mainly  removed  in  the  process.  Quasi¬ 
sublimation  has  also  been  employed146  for  isolation  of  crystalline  p-xylene 
sublimate  from  a  liquid  mixture  of  m-  and  p-xylenes  at  a  pressure  below 
10  _6  mm.  mercury.  A  long  evacuated  glass  tube  containing  the  mixture 
was  slowly  and  uniformly  pulled  through  a  temperature  gradient  main¬ 
tained  by  a  thermostat  system.  The  temperature  of  the  hot  end  was 
—  15°  and  that  of  the  cold  end  was  —70°.  In  this  way,  crystals  of  the  p- 
xylene  were  obtained  in  the  warm  end,  and  liquid  m-xylene  plus  some  p- 
xylene  was  distributed  along  the  gradient  (see  Fig.  2,  Chapter  V). 

An  apparatus147  for  true  sublimation  under  diminished  pressure  is  shown 


141  Elbe  and  Scott,  Ind.  Eng.  Chem.,  Anal.  Ed.,  10,  284  (1938). 

142  Morton  et  al.,  Ind.  Eng.  Chem.,  Anal.  Ed.,  11,  460  (1939). 

145  Almquist,  ./.  Biol.  Chem.,  120,  635  (1937).  Morton  et  al.,  Ind.  Eng.  Chem.,  Anal. 
Ed.,  11,  460  (1939).  Hickman,  ibid.,  14,  250  (1942). 

144  McKelvy  and  C.  S.  Taylor,  Natl.  Bur.  Standards  U.  S.  Sci.  Technol.  Papers,  18,  679 

( 1923). 

R.  W.  Gray, ./.  Chem..  Soc.,  87,  1606  (1905). 

14,1  Elbe  and  Scott,  Ind.  Eng.  Chem.,  Anal.  Ed.,  10,  284  (1938). 

147  Hedley,  Chemistry  &  Industry,  44,  752  (1925). 
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in  Figure  27  It  consists  of  a  brass  temperature  equalizer  A,  with  ther¬ 
mometer  well  E,  and  a  large  cavity  into  which  fits  tube  C,  whose  upper  portion 
is  cooled  by  the  cylindrical  water  jacket  B.  Inside  C  rests  a  remova  e 
glass  sleeve  D.  C  is  closed  by  a  rubber  stopper  carrying  a  glass  tube  con¬ 
nected  to  the  vacuum  pump.  The  sublimand  is  placed  on  the  bottom  of 
C-  on  heating  A,  it  volatilizes  and  is  collected  on  sleeve  D.  1  he  tempera¬ 
ture  at  which  sublimation  starts  may  be  accurately  determined,  and  the 
sublimate  may  be  removed  intact  on  sleeve  D.  The  constituents  of  a  sub¬ 
limable  mixture  may  be  removed  in  stages  in  a  fractional  sublimation,  D 
being  replaced"  with  a  replicate  at  each  stage. 


Fig.  27.  Vacuum  sublimator  with  liquid 
cooled  condenser.117 


Fig.  28.  Vacuum  sublimator  with 
liquid-cooled  condenser.148 


The  horizontal  vacuum  still148  shown  in  Figure  28  is  not  subject  to  clog¬ 
ging  of  the  delivery  tube.  Loss  on  repeated  sublimation  is  eliminated. 
The  sublimand  is  placed  in  one  flask,  vacuum  is  applied,  and  the  sublimand 
is  gently  heated  until  sublimate  collects  in  the  other  flask,  which  is  cooled 
by  running  water  or  dry  ice-chloroform.  If  resublimation  is  necessary, 
the  flask  which  had  held  the  sublimand  may  now  be  replaced  by  a  clean 
flask  to  act  as  condenser,  and  the  compound  resublimed,  reversing  the 
direction  of  vapor  flow.  Should  it  be  desired  to  collect  two  fractions  of 
sublimate  without  releasing  the  vacuum,  the  two-bulb  flask  shown  may  be 
used  as  the  receiver;  by  turning  it  through  180°  and  cooling  it,  either  bulb 
may  be  used  as  condenser. 

Equipment  of  this  kind  may  also  be  employed  for  sublimation  of  ice _ 

the  so-called  “freeze-drying”  (see  Volume  III,  Chapter  VIII,  this  series). 

148  Bolstad  and  Dunbar,  Ind.  Eng.  Chem.,  Anal.  Ed.,  15,  464  (1943). 
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Internal  Cooling.  A  self-explanatory  design149  of  horizontal  vacuum  subli- 
mator  is  shown  in  F  igure  29.  The  apparatus  has  been  modified180  (Fig.  30) 
so  that  the  temperature  and  pressure  may  be  accurately  measured.  The 
condenser  consists  of  a  bent  metal  rod,  one  end  of  which  is  inserted  into 
the  sublimator  and  held  in  place  by  air-tight  rubber  tubing;  the  other, 
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Fig.  30.  Horizontal  vacuum  microsublimator  with  liquid-cooled  condenser.150 


longer  end  dips  into  a  receptacle  containing  a  freezing  mixture.  To  the 
flat  end  of  the  rod  inside  the  sublimator  is  fixed  a  cover  glass  by  means  of  a 
drop  of  glycerol.  The  sublimand  is  placed  in  a  small  platinum  boat  held 
onto  the  thermometer  bulb  with  platinum  wire.  The  thermometer  may  be 


110  Prins,  Chem.  Weekblad,  9,  343  (1912).  Freudenberg  el  al.,  Ann.,  494,  57  (1932). 

Helin  and  Vanderwerf,  Anal.  Chern.,  21,  1284  (1949). 

150  Wagenaar,  Z.  anal.  Chem.,  76,  224  (1929);  79,44  (1930);  C.  A.,  24,  993;  Phann. 

Weekblad,  66,  1121  (1929). 
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pushed  in  or  out  as  desired.  The  part  of  the  tube  to  be  heated  is  encased 
in  copper  gauze  and  then  heated  with  a  microflame.  After  10  minutes  at 
25  mm.,  good  yields  of  sublimate  were  obtained  with  tartaric  and  succinic 
acids  at  60°;  citric  acid,  malic  acid,  gallic  acid,  morphine^  and  narcotine 
at  100°;  and  mannitol,  apomorphine,  and  veratrine  at  140  . 

Related  devices151  are  useful  for  drying  materials  by  subliming  out  the 
water  as  ice  (“lyophilization” — see  Volume  III,  Chapter  VIII,  this  series). 

D.  ENTRAINER— VACUUM  SUBLIMATION 

Air-Cooled  Condenser.  Industrially,  such  compounds  as  pyrogallol 
are  sublimed  under  diminished  pressure  with  only  slight  admission  of 


air.  Under  these  conditions,  a  snowlike  sublimate  is  not  obtained. 
Vacuum  is  applied  at  the  top  of  the  condenser  chamber,  which  lies  along¬ 
side  the  retort,  and  a  trap  is  installed  to  prevent  entrance  of  sublimate 
into  the  vacuum  pump.  Pivoted  baffles  are  arranged  horizontally,  one 
above  the  other,  in  the  condensing  chamber,  which  is  provided  with  a  dis¬ 
charge  door  at  the  bottom. 

For  small-scale  work,  the  sublimand  may  be  placed  in  a  small  boat  which 
is  then  inserted  in  a  horizontal  tube.  Inert  gas  is  passed  in  very  slowly  at 
one  end  of  the  tube,  its  speed  being  regulated,  e.g.,  with  a  stopcock.  Suc¬ 
tion  is  applied  at  the  other  end  of  the  tube.  The  section  containing  the 
sublimand  is  then  gradually  heated  in  an  air  bath  or  by  means  of  a  tubular 

electric  heater10-;  sublimate  collects  in  the  cool  end,  to  which  suction  is 
applied. 

A  preheated  entrainer  is  employed  in  the  apparatus153  shown  in  Figure  31, 
which  is  particularly  useful  for  hastening  the  sublimation  of  difficultly  vola- 
tilizable  compounds.  A  thin  layer  of  sublimand  is  spread  in  the  wide  sec- 


Psrr  285  (1944)-  Com'Mre  Irving, 

550(1950)22  1945  '  S  Uer  an<i  Schaffer’  im  <  107’  71  <1948>-  Holzman,  ibid..  Ill, 


15!  Pitha,  ./.  Chem.  Education,  23,  403  (1946). 
153  Kempf,  Chem.-Ztg.,  42,  19  (1918). 
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tion  of  the  tube  which,  together  with  the  coil  and  the  first  ground  joint,  is 
heated  in  a  hot-air  bath.  For  the  sublimation  of  compounds  which  are 
so  readily  decomposable  that  they  may  only  be  exposed  to  the  minimum 
sublimation  temperature  for  a  short  time,  a  kind  of  “flash”  sublimation 
may  be  employed.  The  dry,  finely  powdered  sublimand  is  added  periodi¬ 
cally  in  small  portions,  without  breaking  the  vacuum,  from  a  receptable 
connected  above  the  vaporizing  chamber  by  means  of  a  ground-glass  joint. 
Additions  of  sublimand  should  be  started  after  the  apparatus  has  been 
evacuated  and  heated  to  the  desired  temperature.  The  device154  shown  in 
Figuie  32  ensuies  complete  condensation  by  cooling  the  entrainer  with  a 
water-cooled  Liebig  condenser  after  most  of  the  sublimate  has  been  de¬ 
posited  in  the  air-cooled  chamber.  The  entrainer  may  be  prepurified,  and 
its  rate  of  flow  is  readily  regulated. 

An  apparatus  (Fig.  33)  made  from  the  hardest  glass  is  useful155  for  ma¬ 
terials  which  do  not  melt  but  are  sublimable  at  high  temperatures,  e.g., 
phthalocyanins.  Crystals  over  1  cm.  long  were  prepared  by  this  means  for 
x-ray  study.  The  sublimand  is  introduced,  through  B,  into  A,  and  the 
apparatus  then  fitted  together  as  shown.  A  pump  and  gage  are  attached 
at  B,  and  a  stream  of  inert  gas,  e.g.,  carbon  dioxide,  enters  through  the 
capillary  at  C,  preventing  deposition  of  sublimate  in  the  vertical  arm. 
For  the  phthalocyanins,  A  was  heated  to  red  heat,  and  the  sublimate  col¬ 
lected  at  D,  which  was  kept  at  400°  by  heating  the  wire  gauze.  Unsub- 
limable  impurities  remained  in  A,  and  volatile  impurities  passed  beyond 
D  toward  B. 

Liquid-Cooled  Condenser.  The  horizontal  entrainer-sublimator  with 
sealed-in,  sintered-glass  plate  (Fig.  23)  is  readily  transformed156  for  opera¬ 
tion  under  diminished  pressure.  The  capillary  through  which  entrainer 
enters  must  be  carefully  prepared;  if  too  wide,  the  sublimate  is  carried 
too  far;  if  too  narrow,  substance  may  sublime  backward  against  the  en¬ 
trainer  stream.  For  many  compounds  at  a  pressure  of  20  mm.,  the  subli¬ 
mation  velocity  is  about  three  times  as  great  as  at  ordinary  pressure  and 
the  same  temperature.  The  sublimate  obtained  under  diminished  pressure 


is  compact,  whereas  at  ordinary  pressure  it  is  fluffy. 

The  apparatus  has  been  modified  for  microsublimation  (Fig.  34).  The 
sintered-glass  plate  is  sealed  into  the  middle  of  a  tube,  14  cm.  long,  of  12 
mm.  outer  diameter,  conveniently  heated  in  a  Pregl  heating  block.  At 
230°  and  20  mm.,  strychnine  gave  13  mg.  of  sublimate  per  hour,  whereas 
at  the  same  temperature  and  ordinary  pressure,  only  4  mg.  of  sublimate 


154  Gutbier  and  Payer,  ibid.,  48,  807  (1924). 

156  Barrett,  Dent,  and  Linstead,  J.  Chem.  Soc.,  1719  (193G). 
i66  Soltys,  M ikrochemie,  Emich  Feslschr.,  275  (1930). 
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were  obtained  in  an  hour.  A  further  modification'"  has  been  devised 
which  makes  it  possible  to  change  the  receiver  as  often  as  desired  during  the 
sublimation,  thus  permitting  the  isolation  of  a  series  of  tractions  ot  subli¬ 
mate. 


Fig.  33.  Entrainer-  vacuum  sublimation  at 
high  temperature.165 


Fig.  34.  Horizontal  entrainer  -  vacuum 
microsublimator  with  liquid-cooled  con¬ 
denser.16* 


V.  EXAMPLES  OF  SUBLIMATION 

In  the  foregoing,  examples  of  actual  sublimations  have  been  cited  to 
illustrate  the  various  devices  and  procedures.  A  few  others,  mostly  of  an 
analytical  nature,  are  appended.  Examples  of  direct  sublimation  of  a 
compound  from  crude,  natural  product  are  the  following:  separation  of 

167  fIurka>  C-  A.,  37,  3302;  Mikrochemie  ver.  Mikrochim.  Acta,  30,  193  (1942). 
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caffeine  from  dried  coffee  or  tea  leaves,  ferulic  acid  from  asafetida,  santonin 
rom  artemisia,  gentisin  from  gentian  root,  hydrastine  from  hydrastis 
rhizome,  and  cinnamic  acid  from  Sumatra  benzoin.158  Cantharidine  may 
he  sublimed  fi  om  the  dried  cantharides  insect  or  from  powdered  American 
blister  beetles,159  particularly  after  moistening  with  chloroform  plus  suf¬ 
ficient  hydrochloric  acid  to  render  the  material  distinctly  acid.  The  sub¬ 
limate  obtained  from  glycosides  usually  consists  of  the  aglycon;  if  the 
glycoside  is  moistened  with  mineral  acid  prior  to  sublimation,  the  subli¬ 
mate  is  almost  certain  to  be  the  aglycon.  This  may  often  be  employed  as 
a  rapid,  simple  means  of  identification160  for  the  glycoside. 

Such  pharmacologically  active  substances  as  caffeine,  strychnine,  mor¬ 
phine,  barbituric  acid,  and  phenacetin  injected  into  animals  are  recoverable 
from  the  central  nervous  system  by  sublimation.161  Fatty  acids,  choles¬ 
terol,  and  cholesterol  esters  may  be  sublimed  from  blood,  brain,  etc.  In 
some  cases,  it  may  be  necessary  to  prepurify  the  material.  For  instance, 
in  determining  vanillin  in  vanilla  beans162  by  vacuum  sublimation,  the 
compound  is  extracted  into  a  solvent,  and  the  residue  sublimed  after  evap¬ 
oration  of  the  solvent.  This  method  is  also  said  to  be  preferable  in  estimat¬ 
ing  the  caffeine  in  coffee.  A  similar  procedure  is  used  in  the  determination 
of  saccharin  in  foods,163  e.g.,  ice  cream.  Extraction  with  diethyl  ether, 
and  evaporation  of  the  latter,  gives  a  material  from  which  the  saccharin 
may  be  sublimed.  Benzoic  acid  in  ketchup  may  be  similarly  determined. 

Sublimation  of  ice  is  a  useful  procedure164  for  drying  substances  at  low 
temperature.  The  stability  of  biological  products  is  greatly  enhanced  by 
thorough  drying  under  such  conditions.165  Palatable  dehydrated  milk, 


168  Van  Itallie,  Pharm.  J.,  112,  31  (1924).  Compare  Zapotocky  and  Harris,  J.  Am. 
Pharm.  Assoc.,  Sci.  Ed.,  38,  557  (1949). 

169  Viehoever  and  Capen,  J.  Assoc.  Offic.  Agr.  Chemists,  6,  489  (1923). 

160  R.  Fischer,  C.  A.,  32,  722;  Arch.  Pharm.,  275,  516  (1937).  . 

161  E.  Keeser  and  J.  Keeser,  C.  A.,  24,  5066;  Arch,  exptl.  Pathol.  Pharmakol,  147,  360 
(1930). 

162  Hortvet,  J.  Assoc.  Offic.  Agr.  Chemists,  8,  559  (1925). 

163  Oakley,  J.  Assoc.  Offic.  Agr.  Chemists,  28,  298  (1945). 

184  Flosdorf  and  G.  W.  Webster,  J.  Biol.  Chem.,  121,  353  (1937).  Flosdorf  and  Mudd 
J.  Immunol.,  34,  469  (1938).  Flosdorf,  Stokes,  and  Mudd,  J .  Am.  Med.  Assoc.,  115,  1095 
(1940).  Flosdorf,  Hull,  and  Mudd,  J.  Immunol.,  50,  21  (1945).  Flosdorf,  Drug  &  Cos¬ 
metic  Ind.,  57,  188  (1945);  J.  Chem.  Education,  22,  470  (1945);  Modern  Packaging,  19, 
No.  3,  133,  164  (1945).  Bradish,  Brain,  and  McFarlane,  Nature,  159,  28  (1947).  Brad- 

ish,  Chem.  Products,  10,  60  (1947).  , 

165  Craigie,  Brit.  J.  Exptl.  Pathol,  12,  75  (1931).  Elser,  Thomas,  and  Steffen  J. 

Immunol.,  28,  433  (1935).  Flosdorf  and  Mudd,  ibid.,  29,  389  (1935).  U.  S. 

Pat  2,066,302  (1936).  Scherp,  Flosdorf,  and  D.  R.  Shaw,  J.  Immunol.,  34,  447  (  93  ). 
Flosdorf,  Boerner,  Lukens,  and  Ambler,  Am.  /.  Clin.  Pathol,  10,  339  (1940).  Mudd  and 
Flosdorf,  New  England  J.  Med.,  225,  868  (1941). 
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fruit  juices,  and  meat166  may  be  prepared.167  At  temperatures  of  60  to 
—  85°,  the  rate  of  vaporization  of  ice166  is  10-  to  10-  g.  per  square  centi¬ 
meter  per  second.  Thus,  for  example,  blood  plasma  or  serum  shou  e 
desiccated169  below  —10°  until  practically  no  moisture  remains,  and  finally 
freed  from  residual  traces  while  the  temperature  is  allowed  to  rise  to  +37°. 

In  fractional  sublimation,  some  degree  of  preferential  vaporization  anc 
recrystallization  at  any  given  pressure  may  be  effected  by  close  control  and 
graded  change  of  the  temperature  of  the  heating  and  cooling  surfaces,  pro¬ 
vided  there  is  a  pronounced  difference  in  vapor  pressure  of  the  components 
of  the  starting  mixture.  Thus,  caffeine  is  separable  from  theobromine  by 
fractional  sublimation.  With  a  stationary  source  of  heat,  the  temperature 
of  the  retort  may  be  gradually  raised,  and  successive  fractions  of  sublimate 
collected.  These  are  progressively  poorer  or  richer  in  the  desired  com¬ 
pound.  If  a  horizontal  tubular  still  is  used,  a  movable  heating  zone  (see 
Sect.  IV2C)  may  lead  to  the  same  result.  Thus,  after  no  more  sublimate 
collects  in  the  cool  end  of  the  tube,  the  temperature  of  the  heater  may  be 
raised,  the  cold  end  of  the  tube  moved  further  from  the  heater,  and  a  second 
fraction  of  sublimate  collected.170  At  the  end  of  the  sublimation,  the  vari¬ 
ous  fractions  may  be  carefully  scraped  out  by  means  of  a  long  metal  spa¬ 
tula,  or  the  tube  may  be  cut.  An  industrial  method  of  achieving  fractional 
sublimation  is  to  heat  the  mixture  gradually,  e.g.,  electrically,  and  collect 
a  series  of  sublimates  on  a  moving  condensing  surface.171  Progressive 
condensation  may  also  be  brought  about  by  passing  the  vapor  through  a 
series  of  condensers  at  successively  lower  constant  temperatures.  Indus¬ 
trially,172  in  the  separation  of  such  mixtures  as  anthraquinone  plus  anthra¬ 
cene,  or  phthalic  anhydride  plus  naphthalene,  this  may  be  achieved  by 
dividing  the  boxlike  condensing  chamber,  through  which  the  vapors  pass, 
into  sections  by  means  of  parallel  gauze  screens  from  which  accumulated 
crystals  may  periodically  be  shaken  by  the  impact  of  swinging  weights; 
each  section  is  provided  with  a  cooled  baffle.  Alternatively,  the  condens¬ 
ing  chamber  may  be  cylindrical  and  subdivided  into  a  series  of  concentric 


166  Flosdorf,  Meat,  22,  No.  5,  27,  58  (1945). 

187  Flosdorf,  Food  Inds.,  17,  22,  98,  100,  102,  104,  106,  108  (1945);  Chem.  Eng.  Prog¬ 
ress,  43,  343  (1947);  Freeze-Drying  ( Drying  by  Sublimation),  Reinhold,  New  York,  1949. 

168  E.  Miescher  and  Tschudin,  C.  A.,  40,  2720;  Helv.  Phys.  Acta,  18,  456  (1945). 

169  Flosdorf  and  Mudd,  “Large  Scale  Desiccation  of  Blood  Substitutes  from  the  Frozen 
State,’'  in  Mudd  and  Thalhimer,  eds.,  Blood  Substitutes  and  Blood  Transfusion.  Thomas 
Springfield,  1942. 

170  Kempf,  J.  prakt.  Chem.,  78,  213  (1908). 

171  Fletcher,  C.  A.,  8,  1942;  Brit.  Pat.,  29,537  (1912). 

172  C.  E.  Andrews,  U.  S.  Pats.  1,324,716;  1,324,717  (1919).  The  Selden  Co.,  J  M 
Selden,  and  C.  G.  Selden,  C.  A.,  16,  1341;  Brit.  Pat.  173,723  (1920).  C.  A.  16  2242- 
Bnt-  Pat-  174.013  (1920).  H.  D.  Gibbs,  C.  A.,  18,  1071;  U.  S.  Pat.  1,484,260 
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,y,m  ^  y  gauze  screens  on  which  travel  brushes  for  removal  of  crys- 

a  s  The  chambers  increase  in  capacity  from  the  center  out  and  the  vapors 
are  led  first  into  the  innermost  chamber,  which  may  actually  contain  the 
vaporizer  The  purest  product  collects  in  the  innermost  chamber  the 
impmest  fraction  in  the  outermost,  or  vice  versa. 

1  he  following  examples  illustrate  fractional  vacuum  sublimation  1-Hv- 
droxyanthraquinone  (0.200  g.)  gave  0.165  g.  of  sublimate  after  0.33  hour 
at,  130°  and  9  uj  the  same  weight  of  2-hydroxyanthraquinone  gave  only 
0.063  g.  of  sublimate  after  24  hours  at  the  same  temperature  and  pres¬ 
sure.  Hence,  on  keeping  a  mixture  of  the  two  isomers  at  100°  and  10  p, 
the  sublimate174  was  essentially  the  1-hydroxy  compound,  which  was  col¬ 
lected  and  removed.  The  temperature  of  the  sublimand  was  then  raised 
to  180°  and  the  sublimate  mainly  consisted  of  the  2-isomer.  Separation 
was  much  sharper  than  by  fractional  recrystallization  from  a  solvent. 
Similarly,  salol  is  readily  and  almost  quantitatively  separated  from  a  50:50 
mixture  with  phenacetin  by  first  subliming  out  the  former  at  35°  and  11  p 
for  2  hours,  and  then  subliming  the  latter  at  120°  and  13  u  for  0.25  hour. 
Again,  certain  soft  drinks  contain175  both  benzoic  acid  and  saccharin;  sub¬ 
limation  at  45-55°  and  1  to  2  mm.  during  3  hours  gives  the  benzoic  acid, 
which  is  collected  and  weighed;  treatment  at  145-160°  and  1  to  2  mm. 
during  3  hours  then  gives  the  saccharin. 

Proper  control  of  the  pressure  in  the  system  will  also  aid  in  fractionation. 
For  example,  a  series  of  sublimates  may  be  isolated  at  progressively  lower 
total  pressures,  the  temperature  of  sublimand  and  condenser  being  kept 
constant. 

Fractional  microsublimation  is  useful  in  the  examination  of  drugs176  and 
in  pharmacognosy.177  Thus  the  characters  of  the  crystalline  sublimates 
from  many  drugs  have  been  ascertained,  and  the  behavior  of  mixtures  of 
two,  three,  or  more  components  has  been  studied.178  Of  92  such  mixtures, 
61  were  completely  recognized  by  this  method. 

>73  The  Selden  Co.,  J.  M.  Selden,  and  C.  G.  Selden,  C.  A.,  16,  2242;  Brit.  Pat.  173,789 
(1920).  E.  Q.  Adams,  C.  A.,  18,  2;  U.  S.  Pat.  1,470,950. 

174  Hubacher,  Ind.  Eng.  Chem.,  Anal.  Ed..,  15,  448  (1943). 

175  Oakley,  J.  Assoc.  Offic.  Agr.  Chemists ,  28,  298  (1945). 

178  Dezani,  Chem.  Zentr.,  1916,  I,  1044;  Giorn.  farm,  chim.,  64,  394  (1915).  Seifert, 
C.  A.,  35,  2673;  Dent.  Apoth.-Ztg.,  55,  576,  584  (1940);  C.  A.,  37,  2882;  Dent.  Apoth.- 
Ztg.,  56,  600  (1941). 

177  Kandersteg,  C.  A.,  38,  2787;  Schweiz.  Apoth.-Ztg.,  82,  61,  81  (1944). 

178  Weismann,  C.  A.,  29,  8237;  Pharm.  Acta  Helv.,  10,  125  (1935). 
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Absorption,  in  purification  of  gaseous 
mixture,  10 

Absorption  apparatus,  Orsat,  416 
Acetic  acid,  drying,  363,  368 
Acid  contaminant  in  still,  effect  of,  300 
Acitivity  coefficient,  20 

in  extractive  distillation,  323 
Adiabatic  conditions,  177.  See  also  In¬ 
sulation. 

Adsorption,  preferential,  by  activated 
charcoal,  419 

Agitation,  226.  See  also  Stirring. 

Air,  dissolved,  491 
liquid,  as  coolant,  389,  583 
Air  bath,  266 
Alcohol.  See  Ethanol. 

Alembic,  476,  511 
Almquist  still,  532 
Alpha  (relative  volatility),  6 
Alphatron,  579,  582 
Ammonia  as  coolant,  411 
Amplified  distillation,  526 
Analytical  distillation,  66,  178,  202,  217, 
225,  256,  295,  312 
high  vacuum,  517,  526 
low-temperature,  411,  416 
Aniline  point,  335 

Aperture,  in  high  vacuum  system,  552 
Apophorometer,  615 
A.  Pt.  (aniline  point),  335 
Ascarite,  419 

Association,  molecular,  49,  359,  607 
Assumptions,  usual  simplifying.  See 
USA. 

Atmosphere,  definition,  541 
Automanometer,  490 

Auxiliary  agent.  See  Chaser,  Entrainer, 
Solvent. 

Azeotrope,  27-29,  222,  302,  319,  356 
extractive  distillation,  321 
former.  See  Entrainer. 
heterogeneous,  320 
homogeneous,  319 
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Azeotrope  ( continued ) 
and  pressure,  358,  464 
separation,  366 

Azeotrope  formation,  and  hydrogen  bond, 
359 

Azeotropic  distillation,  10,  12,  31/,  319, 
356-387 
apparatus,  373 
application,  385 
calculation,  381 
column,  380 
continuous,  373,  378 
laboratory,  373 
procedure,  373 
testing,  368 
theory,  357 

Azeotropic  mixture.  See  Azeotrope. 
Azeotropism,  319 

B 

Backing  pump,  563,  573 

Back  pressure.  See  Pressure  drop. 

Baffle,  high  vacuum  system,  555,  585 
Balance,  gas  density,  417 
Ball  packing,  207,  209 
Barometric  condenser,  568 
Barometric  leg,  567 
Batch  distillation,  charge,  100 
composition,  59 
Batch  distillation,  4,  5 
curves,  97-145 
H.E.T.P.,  153 
determination,  56,  91 
large  runs,  220,  223,  296 
number  of  plates,  162 
operating  line,  57 
reflux  ratio,  153 
relative  volatility,  153 
sample,  46 
small  runs,  296 
total  moles  in  still,  99,  122,  132 
variables,  145,  169 
Batch  rectification  unit,  175 
Batch  size  and  holdup,  302 
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Beads,  glass,  to  prevent  bumping,  492 
Bend,  effect  on  high  vacuum,  557 
Berg  and  James  equations,  130 
Berl  saddles,  packing,  207 
Bicarbonate  to  prevent  bumping,  492 
Binary  systems.  See  Mixtures,  binary . 
Binding  energy  and  decomposition,  607 
Boiler,  definition,  4 
Boiling  point(s),  6,  310,  475 
in  codistillation,  17 
curve,  97 

deviation  from  ideality  in  extractive 
distillation,  333 

difference  and  choice  of  column,  297 
gases  and  volatile  liquids,  447-456 
low-temperature  distillation,  determina¬ 
tion,  411 

maximum,  mixture,  27 
minimum,  mixture,  27 
and  number  of  plates,  172 
and  pressure,  464,  474 
and  reflux  ratio,  173 
and  relative  volatility,  22 
Boiling  point -composition  diagram,  7 
Boiling  point -per  cent  distillation  dia¬ 
gram,  11 

Boiling  stones,  477,  492.  See  also  Bump¬ 
ing. 

Boiling  tube,  492 

Boil-up  rate,  201,  268.  See  also  Through¬ 
put. 

automatic  control,  267 
calculation,  271 
and  column  efficiency,  298 
determination,  271,  278 
and  pressure,  299 
and  pressure  drop,  270 
Booster  pump,  570 
Bottoms,  53 
Bourdon  gage,  577 
Bowman-Briant  equation,  88 
Bowman  equation,  88,  151,  166 
Boyle’s  law,  deviations  from,  corrections 
for,  430 

Brass  packing,  208 

Break,  in  distillation  curve,  and  composi¬ 
tion,  312,  313 
calculation,  165 
Breger  still,  539 


Brine  as  coolant,  411 
Bruun  column,  221 
Bubble-cap  column,  219,  220 
Bubble-cap  plate,  219 
Bubble  plate,  176 
Bumping,  231,  301 
prevention,  477,  478,  492 
vacuum  distillation,  474, 478,  491 
Buret,  gas,  413,  415 
Butadiene  determination,  416 
Buta-Heli-Grid  packing,  394 
Butane,  take-off  rate  in  distillation  of 
424 

c 

Cake  sublimate,  607 
Capacity.  See  Throughput. 

Capillary  to  prevent  bumping,  478.  See 
also  Bumping. 

Carbon  dioxide  as  coolant,  411 
Carbon  monoxide  determination,  416 
Carborundum  column  coating,  184,  187 
Carborundum  packing,  207 
Carlson-Colburn  equation,  24 
Carothers  still,  531 

Carrier  oil  in  high  vacuum  distillation, 
523 

Carswell  equation,  76 
Cartesian  diver  manostat,  283 
Cascade  distillation,  470 
Cascade  fractionating  molecular  still,  539 
Centrifugal  still.  See  Still. 

Chain  packing,  207,  209 
Changer,  receiver.  See  Receiver  changer. 
Channeling,  effect  on  H.E.T.P.,  69 
effect  of  packing  on,  199 
Charcoal,  activated,  preferential  adsorp¬ 
tion  by,  419 
Charge,  definition,  4 
Charging  procedure,  304 
Chaser,  to  avoid  peroxide  explosion,  300 
effect  on  fractional  distillation,  217 
and  holdup,  147 
with  internal  heater,  267 
low-temperature  distillation,  428 
Chaser-holdup  ratio,  303 
Chemical  analysis  in  interpretation  of 
distillation  data,  314 
Chilton-Colburn  transfer  units,  77 
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Claisen  flask,  478 

Clapeyron  equation,  19,  22,  172,  604 
Clark  equation,  25 

Clausius-Clapeyron  equation,  19,  22,  172, 
604 

Cleaning  the  still,  309 
Codistillation,  16,  17,  320,  358,  374-378 
and  molecular  weight,  17 
Cohen  equation,  94 
Coil  condenser,  251 
Cold  air  jacket,  402 
Cold  finger  condenser,  251 
Cold  finger  still,  high  vacuum,  509 
Cold  junction,  thermocouple,  278 
Cold  trap.  See  T rap,  cold. 

Collection,  distillate,  307 

low-temperature  distillation,  413 
Column,  4,  12,  175,  178-249 
Bruun,  221 
bubble-cap,  219,  220 
choice,  176,  225,  296 
cleaning,  309 

concentric-tube,  178, 194,  484 
multiple,  198 
reflux  distribution,  198 
rotating,  231 
vacuum  distillation,  485 
spacers,  197 

thermal  rectification,  473 
two  tube,  194 
construction,  235 
corrosion,  69 
dead  space,  errors,  428 
definition.  4 
distorted- wall,  183,  193 
efficiency,  75,  177,  179 
empty  tube,  80,  178,  179 
film-type,  175,  178,  198 
helix-packed,  199 
Hyper-Cal,  259,  268 
insulation.  See  Insulation,  Jacket. 
jacketed.  See  Jacket. 
laboratory,  199,  201 
low-temperature  distillation,  394 
micro,  low-temperature  distillation, 
441 

moving-part,  226 

non-adiabatic.  See  Column,  uninsu¬ 
lated. 


Column  ( continued) 

Oldershaw,  222 

open  tube.  See  Column,  empty  tube. 
packed,  6,  8,  46,  175,  198,  235 
extractive  distillation,  354 
H.E.T.P.  determination,  80 
point  composition,  64 
theory,  31,  75 
packing.  See  Packing. 
perforated  plate,  220,  222 
performance,  differential  equations,  75 
plate,  9,  176,  219 
continuous  distillation,  47 
extractive  distillation,  354 
Podbielniak,  389,  403.  See  also 

Column,  Hyper-Cal;  H  yd- Robot; 
Packing,  Heli-Grid ;  Semi- Robot; 
Superfractionator. 

pressure,  low-temperature  distillation, 
442 

effect  on  separation,  84 
rotating,  226 

concentric-tube,  231 
cone,  227 
Simons,  413 
micro,  441 
spinning-band,  230 
twisted,  231 

spiral,  183.  See  also  Column,  wire-coil. 
cupped,  188 
pitch  change,  186 
screen,  184 
tube,  178 

low-temperature  distillation,  401 
Stedman,  210 
Supercool,  405 
temperature  gradient,  83 
theory,  30-97 
thermal  rectification,  472 
threaded,  186 
types,  178 
uninsulated,  86 

vacuum  distillation,  186,  231,  468, 
470, 479 
Vigreux,  193 
wetted-surface,  175,  178 
Widmer,  184,  245,  484 
ware-coil,  183,  190 
double,  J  93 
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Compensating  jacket.  See  Jacket,  heated. 
Completion  of  distillation,  indications  of 
309 

Composition,  change  and  separation 
sharpness,  127 
distillate,  calculation,  16 
simple  distillation,  7 
initial,  effect  on  distilllation  curve,  165 
liquid,  simple  distillation,  7 
and  plate  number,  44.  93 
still  and  product,  59,  67,  104 
total  reflux,  63 
vapor,  31,  77 
calculation,  16 
simple  distillation,  7 
vapor-liquid  relation,  14 
Composition -boiling  point  diagram,  7 
Composition -per  cent  distillation  dia¬ 
gram,  11 

Compressibility  correction,  430 
Concentric-tube  column.  See  Column. 
Condensate  partitioning.  See  Partitioning. 
Condensation  (chemical),  by  alkali  in 
packing,  301 

Condensation,  fractional,  250,  442 
partial,  4 
and  pressure,  474 
Condensation  pump,  569 
Condenser,  3,  249-260,  346 
air  cooled,  614,  619,  620,  627,  629,  630, 
633,  639 
auxiliary,  249 
barometric,  568 
cold  finger,  251 
coil,  251 
Corad,  259 
Liebig,  3,  251 

liquid  cooled,  616,  622,  632,  636,  640 
low-temperature  distillation,  408 
partial,  4,  176,  249,  259 
vacuum  distillation,  475 
temperature,  sublimation,  608 
total,  4,  249,  251 

low-temperature  distillation,  413,  441 
vacuum  distillation,  480,  486 
Conductance,  gas  flow,  542 
Constant-boiling  mixture.  See  Azeotrope. 
Constant-yield  oil,  519 
Contacting,  vapor-liquid,  175,-219 


Contact  rectification.  See  Rectification. 
Contaminants  in  still,  300 
Continuous  distillation,  4,  45 
H.E.T.P.  determination,  47 
Coolants,  411,  583 
Cooling.  See  also  Condenser. 
internal,  622,  638 
external,  622,  636 
sublimation,  608 
Corad  condenser,  259 
Corrosion,  effect  on  H.E.T.P.,  69 
Cox  chart,  20 

Critical  solution  temperature,  334 
Critical  temperature,  605 
Crosley  equation,  142 
Crystal  shape,  sublimation,  607 
Crystal  size,  sublimation,  607 
Crystalline  distillate.  See  Solid  distillate. 
Crystalline  sublimate,  607 
Crystallization,  fractional,  9 
C.S.T.  (critical  solution  temperature),  334 
Curve,  distillation,  10,  1 1,  97-145,  310 
Cut  point,  429 
Cuts,  3 

D 

Dalton’s  law,  16,  108 
Dead  space  in  column,  errors,  428 
Decanter,  continuous,  and  column,  372 
Decomposition,  avoidance,  299 

by  high  vacuum  distillation,  505 
hazard  index,  507 
Definitions,  1-9 
Degassing,  491 

Degrees  of  freedom,  phase  rule,  15,  18 
Dehydration,  by  acid  contaminant,  300 
Density,  liquid,  68 

and  distillate  composition,  97 
Dephlegmator.  See  Condenser,  partial. 
Desiccants,  301,  419,  489 
Detwiler-Markley  still,  537 
Dewar  flask,  402,  489 
Diethylene  glycol  manostat,  284 
Differential  distillation  8.  See  also  Simple 
distillation. 

Diffusion,  in  vapor-reflux  contacting,  175, 
178 

fractional,  10 
molecular,  499 
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Diffusion  coefficient,  molecular  vapor,  80, 
86 

Diffusion  pump,  488,  56*4 
Dilatometer,  417 
Dipole  moment  of  solvents,  339 
Distillability  in  high  vacuum,  518 
Distilland,  batch  size,  302 
charging,  302 
chaser,  302 
definition,  3 

pretreatment,  300,  417,  491 
Distillate,  definition,  3 
analysis,  97,  312 
collection,  307,  413 
composition,  calculation  of,  32 
curve,  97-145,  310 
Distillation,  definition,  2 

processes  (atmospheric  and  high 
vacuum),  498 

Distorted-wall  column,  183,  193 
Dividing.  See  Partitioning. 

Docksey-May  equation,  86 
Driving  force,  88 
Dry  ice,  304,  583 
Dry  ice-acetone,  489 
Dry  ice-carbon  tetrachloride,  489 
Drying,  column,  310 
freeze,  637,  642 
Drying  agent.  See  Desiccants. 

Dry  still  pot,  303 

Duct,  high  vacuum  system,  554 

Dufton  spiral  packing,  400 

Duhem  equation,  24 

Duhring’s  rule,  19 

Dump  packing,  198 

E 

Ebullator  tube  to  avoid  bumping,  492 
Edgeworth-Johnstone  equation,  133,  138 
Efficiency,  column,  177.  See  also  Separa¬ 
tion,  sharpness. 
plate,  9, 11,30,  146,219,223 
Murphree,  31 
and  weir  height,  225 
rectification,  181,  199 
Efficiency  factor,  147,  182,  202,  225 
high  vacuum  distillation,  504 
Elimination  curve,  508,  518 
Elimination  distillation,  517 
pilot  materials,  522 


Elimination  temperature,  517 
Empirical  sublimation  equation,  605 
End  of  distillation,  indications  of,  309 
Enriching  section,  4 
Enrichment,  3,  176 
Enrichment  factor,  38,  64 
Entrainer,  320 
amount,  382 
boiling  point,  363,  365 
choice,  359 
nonselective,  363 
preheated,  639 
removal,  366 
selective,. 363 
vacuum  distillation,  478 
Entrainer  quasisublimation,  631 
Entrainer  sublimation,  609,  619,  630 
EntraineY  sublimation  equation,  609 
Entrainment,  485 

Equilibration  time.  See  Time  of  equilibra¬ 
tion. 

Equilibrium,  absence  in  high  vacuum 
distillation,  498 

attainment,  as  driving  force,  5,  22 
in  practical  distillation,  15 
primary,  in  practical  distillation,  306 
and  relative  volatility,  1 1 
and  theoretical  plate,  6 
vapor-liquid,  determination,  S 
Equilibrium  composition,  25-28 
Equilibrium  distillation.  See  Flash  dis¬ 
tillation. 

Equilibrium  ratio,  30 
Equilibrium  still,  8,  26,  325,  368 
Ethane  fraction,  separation,  423 
Ethanol,  anhydrous,  by  azeotropic  dis¬ 
tillation,  366,  385 
Ethylene  fraction,  separation,  423 
Evaporation,  definition,  2 
Evaporative  distillation,  497 
Evaporator,  falling- film  still,  532 
Exhausting  section.  See  Stripping  sec¬ 
tion. 

Exhaust  speed  of  vacuum  chamber,  543 
Expansion  of  gases,  609 
of  glass,  coefficient,  289 
Explosion,  peroxide,  300 
Extraction,  fractional,  10 
liquid-liquid,  338,  367 
Extractive  distillation,  10, 12, 317-356 
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Extractive  distillation  ( continued ) 
apparatus,  341 
application,  355 
of  azeotropes,  321 
batch,  341 
calculations,  351 
continuous,  347,  349 
control,  350 
H.E.T.P.,  352 
laboratory,  341,  346 
procedure,  341 
plate  column,  354 
temperature  measurement,  350 
theory,  322 

F 

Factor  A  (efficiency  factor),  147.  See  also 
Efficiency  factor. 

Falling-film  still.  See  Still. 

Feed,  definition,  4 
Feed  rate,  270 

Fenske  equation,  33,  38,  67,  95,  107,  115, 
123,  124,  132 
derivation,  39 
Film-type  column,  175 
Film  thickness,  film-type  still,  506 
Flange  in  vacuum  system,  595 
Flash  distillation,  2 
Flask,  Claisen,  478 
improved,  479 
Dewar,  402,  489 

Flooding,  9,  192,  199.  See  also  Pre¬ 
flooding. 

Flow,  free  molecular,  551 
intermediate,  545 
Knudsen,  467 
laminar,  467 
low  pressure,  545 
molecular,  545 
rate,  liquid  reflux,  47 
streamlined,  178 
turbulent,  199,  467 
high  vacuum,  562 
units,  542,  561 
viscous,  545,  560 
laminar,  560 
Flowers,  sublimate,  610 
Flowing-film  still.  See  Still. 

Foaming,  491 

Fore-pressure  breakdown,  573 


Fore-pressure  gage,  577 
Fore-pressure  line,  diameter,  562 
Fore-pump,  563,  573 
Fractional  diffusion,  10 
I’ractional  distillation,  3, 10,  175-316 
apparatus,  175-294 
batch,  98 

multicomponent  mixtures,  139 
stepwise  calculation,  109 
theory,  104,  120-129 
limitations,  106 
laboratory,  178 
limitations,  317 
low-temperature,  394 
procedure,  295-316 
purpose,  295 
schedule,  308 
vacuum,  470 
.  high,  507 
Fractional  extraction,  10 
Fractional  sublimation,  623,  626,  637,  643 
Fractionating  column.  See  Column. 
Fractionating  factor,  164,  168 
Fractionation,  definitions,  9 
Fraction  cutter,  480 
Fraction(s),  definition,  3 
yield,  calculation,  133 
and  reflux  ratio,  138 
Fraction  size,  308 
Fraction  weighing,  304 
Framework,  still  mounting,  294 
Freeze  drying,  637,  642 
Freezing  point  determination,  4 1 7 
Fritted-glass  plate,  223 

G 

Gage,  Bourdon,  577 
fine  pressure,  579 
fore-pressure,  577 
ionization,  582 
McLeod,  490,  577 
Pirani,  513,  579,  587 
pressure.  See  Gage ,  vacuum. 
vacuum,  489,  576 
location,  490 

Gas,  inert,  introduction  in  vacuum  dis¬ 
tillation,  478 

liquefied,  distillation.  See  Low-temper¬ 
ature  distillation. 
treatment  of  samples,  418 
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Gas  analysis  by  low-temperature  distilla¬ 
tion,  389 
precision,  433 
Gas  expansion,  609 
Gasket,  high  vacuum  system,  592 
Gas  law,  16 
Gas  pressure,  total,  16 
Gas  sample,  pretreatment,  417 
Gas  sampling  apparatus,  417 
Gauge.  See  Gage. 

Gauze  packing,  184,  210 
Glass  coefficient  of  expansion,  289 
Glass  packing,  203 

Glass  wool  to  avoid  bumping,  492.  See 
also  Bumping. 

Gould  still,  531 
Grease.  See  Lubrication. 

H 

Halogen  ion  leak  detector,  587 
Hazard  index  of  thermal  decomposition, 
507 

Heat  balance  and  separation  sharpness, 
46 

Heat  decomposition,  avoidance  by  high 
vacuum  distillation,  505 
Heat  exchange,  175,  177,  271 
Heating,  262-273 
control,  268 
economy,  465 
external,  264 
internal,  304 
with  chaser,  266 
jacket.  See  Jacket,  heated. 
low-temperature  distillation,  407 
steam,  465 
sublimation,  633 
well,  265 

Heat  loss  in  laboratory  distillation,  264 
Heat  ratio,  474 

Heat  of  sublimation,  latent,  604 
Heat  of  vaporization,  19, 173 
Height  equivalent  to  a  theoretical  plate. 
See  H.E.T.P. 

Height  of  separation  stage,  88 
Height  of  a  transfer  unit.  See  H.T.U. 
Helical  packing,  199,  237, 484 
diameter,  200 
glass,  203 

low-temperature  distillation,  401 
metal,  200 
corrosion,  202 


Heli-Grid  packing,  198,  211 

low-temperature  distillation,  397 
Heli-Pak  packing,  205,  209 
Helium  leak  detector,  587 
Helix-packed  column,  199 
Henry’s  law,  18,  91,  111 
H.E.T.P.,  6-13,  30-97,  106,  115,  145,  146, 
147,  166,  169,  176,  179,  180,  185, 
200,  211,  221,  223 
batch  distillation  153 
-composition  diagram,  41 
determination,  32-59,  65-68 
batch  distillation,  56,  91 
continuous  distillation,  47 
graphic  and  tabular  methods,  41 
multicomponent  systems,  53 
nomograph,  56 
packed  column,  80 
partial  reflux,  67,  82,  91 
plate-equivalents  procedure,  68 
pressure  effect,  69 
procedure,  36 
sample,  45 

stepping-off  process,  37,  67 
test  mixture,  38,  43,  70-74 
total  reflux,  80, 91 
with  USA,  47 
without  USA,  52,  86 
and  diameter  of  column,  69,  82,  85 
different  liquids,  8 
different  mixtures,  74 
<  Afferent  operators,  201 
and  height  of  column,  69,  85 
Heli-Grid  packing,  397 
limitations,  68 

low'-temperature  distillation,  395 
partial  reflux,  82 

determination,  33,  45 
and  rate  of  distillation,  82 
and  relative  volatility,  168 
total  reflux,  81 
Hickman  still,  528,  535 
High  frequency  discharge  for  leak  detec¬ 
tion,  586 

High  vacuum.  See  Vacuum  distillation, 
high. 

History  of  distillation,  1-2 
of  high  vacuum  distillation,  496 
of  vacuum  distillation,  465 
Holdup,  5,  12,  145,  176,  178,  181,  191,  199 
217,  220 

above  given  plate,  57 
batch  distillation,  57,  121, 146 
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Holdup  ( Continued ) 
and  batch  size,  302 
and  boil-up  rate,  120 
calculation,  112 
limitations,  114 
and  chaser,  147 
column  segment,  88 
composition,  110 
condenser,  121,  251 
determination,  112,  117 
by  material  balance,  1 19 
nonvolatile  material,  118 
entire  column,  113 
equation,  116,  123,  181 
and  equilibrium,  129 
individual  components,  64,  112 
inertia  effect  on  separation,  152 
mass,  112 
moles,  112 
negligible,  104 
packed  column,  1 13 
and  per  cent  distilled,  147 
plate  (real),  112 
plate  column,  112 
recovery,  303,  309 
and  sharpness  of  separation,  147 
spiral  column,  184 
static,  118,  309 
theoretical  plate,  1 13 
theory,  120-129 
top  plate,  57 
total  weight,  118 
volatile  component,  112 
volume,  112 

Holdup-charge  ratio,  302 
Holdup-throughput  ratio,  147 
Hotwell  for  steam  ejector,  567 
Hot  zone,  high  vacuum  system,  566 
H.T.U.,  77,  146.  See  also  H.E.T.P. 
Hydrate  removal,  419 
Hyd-Robot,  218,  390 
Hydrocarbon  analysis,  cut  points,  431 
Hydrocarbon  distillation,  low-tempera¬ 
ture,  420 

Hydrogen  bond,  and  azeotrope  formation, 
359 

and  heat  of  sublimation,  607 
Hydroperoxide  explosion  hazard,  300 
Hyper-Cal  column,  259,  26*8 
Hj'vac  pump,  565 


I 

Ideal  gas  law.  See  Perfect  (/as  law. 
Immiscible  system.  See  Mixture,  binary, 
immiscible,  and  Mixture,  multicom¬ 
ponent,  immiscible. 

Implosion,  261,  528 

Inertia  effect,  of  holdup  on  separation, 
152 

Infrared  analysis  of  distillate,  312 
Inhibitor,  polymerization,  301 
Insulation,  69,  180,  182,  194,  198,  238, 
402,  484.  See  also  Jacket. 
thickness,  239 

Interchangeable  joint.  See  Joint. 
Intermediate  flow,  545 
Intermolecular  forces,  effect  on  azeotrope 
formation,  359 

effect  on  extractive  distillation,  359 
effect  on  sublimation,  606 
Interpretation  of  practical  distillation, 
310 

Ionization  gage,  582 
Isobutylene  determination,  416 
Isothermal  distillation,  446 
Isotopes,  separation,  94 

J 

Jacket.  See  also  Insulation. 
cold  air,  402 
column,  178 

compensating.  See  Jacket,  heated. 
heated,  182,  241,  245 
automatic,  248 
quartz,  241 
temperature,  247 

vacuum,  176,  179,  182,  184,  198,  215, 
222, 239,  402, 404,  484 
expansion,  240 
silvered,  239 

Joint  in  distillation  system,  292,  406 
flanged,  593 
metal,  595 
glass-to-metal,  594 
ground  glass,  620,  624 
high  vacuum  system,  594 
threaded,  596 
vacuum  distillation,  476 
vacuum  sublimation,  624 
Junction,  reference,  thermocouple,  278 
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K 

Kettle,  definition,  3 

Kinetic  theory,  molecular  distillation,  502 
Knudsen  equation,  545 
Knudsen  flow,  467 

L 

Laminar  flow,  467,  560 
Langmuir  equation,  501 
Latent  heat  of  sublimation,  604 
Latent  heat  of  vaporization,  19,  173 
Leakage,  and  polymerization,  301 
and  pressure  control,  291 
Leak  detection  in  high  vacuum  system,  586 
Lewis  equations,  76 

Lewis  method,  H.E.T.P.  determination,  67 
Liebig  condenser,  3,  251 
Liquefaction,  389 
Liquid,  gas  confining,  417 
gas-free,  by  quasisublimation,  623 
Liquid  air  as  coolant,  389,  583 
Liquid  density,  68 
Liquid  nitrogen  as  coolant,  411,  583 
Liquid  return  rate,  reflux,  298 
Liquid-vapor  composition  diagram,  7, 
25-28 

Loss,  percentage,  in  distillation,  315 
Low-boiling  liquid,  distillation.  See  Low- 
temperature  distillation. 

Low-pressure  distillation.  See  Vacuum 
distillation. 

Low-temperature  distillation,  191,  241, 
260,  273,  389-461 
automatic,  427 
batch  size,  421,  441,  444 
calculation,  428 
condenser,  408 
errors,  427 
inverted,  442 
limitations,  431 
low  pressure,  442,  444 
micro,  441 
packing,  394 
precision,  431 
pressure,  442 
principles,  434 
procedure,  419 
simple,  443 
special  apparatus,  441 
total  condenser,  413 


Lubrication,  high  vacuum  system,  593 
joints  and  stopcocks,  293 

M 

Macrocrystalline  sublimate,  607 
Manifold  for  multiple  sublimation,  625 
Manometer,  477,  489,  577.  See  also  Gage. 
back  pressure,  260,  267,  269,  272,  51 1 
oil,  577 

Manometer  fluid,  272 
Manostat,  281,  488 
back  pressure,  272 
bubbling,  283 
bulb  area,  289 
Cartesian  diver,  283 
diethvlene  glycol,  284 
fine  adjustment,  290 
low  pressure,  284,  285 
mercury,  282 
nonelectrical,  281 
sensitive,  283 
sulfuric  acid,  282 
and  temperature  change,  287 
temperature-compensated,  288 
vapor  pressure,  286 
Mantle,  heating,  265 
insulation,  182 

Marshall-Pigford  equations,  96 
Mass  spectrometer  for  leak  detection,  587 
Mass  velocity  of  vapor,  78 
Matchett-Levine  still,  529 
Material  balance,  for  plate  calculations, 
46 

Rayleigh  procedure,  99 
Material  exchange  in  fractional  distilla¬ 
tion,  175 

Material  transfer,  in  packed  column,  199 
in  wetted-surface  column,  178 
McCabe-Thiele  procedure  for  still-prod¬ 
uct  composition  calculation,  59,  129 
graphic,  50,  67 
McLeod  gage,  490,  577 
McMahon  packing,  204,  208 
McMillan  liquid  air  distributor,  410 
McMillan  packing,  400 
Mean  free  path,  463,  546,  625 
undeflectecl,  548 

Melt,  quasisublimation  from,  603 
Mercury,  coefficient  of  expansion,  289 
Mercury  manostat,  282 
Mercury  seal,  407 
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Mercury  vapor  pump,  568 
Metal  packing,  208 
Methane  fraction,  separation,  422 
Microbar ,  definition,  541 
Micro  column,  Simons,  441 
Microdistillation,  low-temperature,  441 
Micron,  definition,  541 
Microsublimation,  630,  638 
Miscible  system.  See  Mixture,  binary, 
miscible  and  Mixture,  multicomponent, 
miscible. 

Mist  trap,  486 

Mixing  in  wetted-surlace  column,  178 
Mixture(s),  definition,  6 
binary,  immiscible,  15 
miscible,  18 
partly  miscible,  20 
classification,  15 
close-boiling,  separation,  94, 172 
distillation  of,  5 
ideal,  18 

volatility,  20 

multicomponent,  immiscible,  29 
miscible,  30 
batch  distillation,  139 
partly  miscible,  29 
nonideal,  23-25 
volatility,  20 

Molecular  association,  49,  359,  607 
Molecular  collision  and  viscosity,  545 
Molecular  data,  common  gases  and  vapors, 
544 

Molecular  diffusion,  499 
Molecular  diameter,  86 

common  gases  and  vapors,  544 
Molecular  distillation  497,  541.  See  also 
Vacuum  distillation,  high. 

Molecular  flow,  545,  551 
Molecular  still,  497 
sublimation,  613,  625 
Molecular  velocity,  86 
Molecular  weight,  average,  68 
in  codistillation,  17 
and  distillation,  497,  500 
Mole  fraction,  in  Bowman  equation,  88 
in  Cohen  equation,  94 
and  equilibration  time,  129 
in  Fenske  equation,  38,  351 
on  given  plate,  92 
in  operating-line  equation,  47 
in  Rayleigh  equation,  102,  121,  140 
and  relative  volatility,  6,  21,  318 
in  stepwise  calculation,  127 


Monel  packing,  208 
Mounting,  still,  framework,  294 
Multicomponent  mixture,  batch  distilla¬ 
tion  curve,  139 
composition  relations,  91 
distillate  composition,  140 
H.E.T.P.  determination,  53 
Rayleigh  equation,  108 
Murphree  plate  efficiency,  31 

N 

Nickel  packing,  204 
Nitrogen,  liquid,  as  coolant,  411,  583 
Nonideal  system  in  extractive  distillation, 
322 

o 

Oil,  constanCyield,  519 
pump,  488,  565,  574 
Oil  bath,  264 

Oil  immersion  pump,  487,  563 

Oil  manometer,  577 

Oil  vapor  pump.  See  Pump. 

Oldershaw  column,  222 

Open  tube  column,  86 

Operating  line,  batch  distillation,  57 

Operating-line  equation,  47 

Orsat  absorption  apparatus,  416 

Othmer  still,  326 

Oxygen  determination,  416 

P 

Packed  column.  See  Column,  parked. 
Packing,  4,  75,  175,  198 
ball,  207,  209 
Berl  saddles,  207 
brass,  208 

Buta-Heli-Grid,  394 
Carborundum,  207 
chain,  207,  209 
choice,  299 
corrosion,  69 
density,  208 
drying,  310 
Dufton  spirals,  400 
dump,  198 
gauze,  conical,  210 
spiral,  184 
glass,  203 

helical,  199,  237,  484 
diameter,  200 
glass,  203 

low-temperature  distillation,  401 
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Packing 

helical  ( continued ) 
metal,  200 
corrosion,  202 
Heli-Grid,  198,  211 

low-temperature  distillation,  397 
Heli-Pak,  205,  209 
low-temperature  distillation,  394 
McMahon,  204,  208 
McMillan,  400 
metal,  208 
miscellaneous,  209 
Monel,  208 
nickel,  204 
preformed,  210 
procedure,  237 
protruded,  69,  208 
Rasehig  rings,  207 
shape,  199 
size,  199,  235 
Stedman,  210 
support,  236 
surface  area,  76 
tamper,  237 
type,  146 

wire-coil,  low-temperature  distillation, 
399 

Packing  factor,  75 

Partial  condenser.  See  Condenser. 

Partial  pressure,  14,  16,  18 
Partial  reflux,  5,  106,  176 
H.E.T.P.  determination,  67,  82,  91 
separation,  59 

still  and  product  composition,  59 
Partitioning,  176.  See  also  Reflux  ratio. 
continuous,  251 
flow-regulating,  251 
micrometer,  253 
intermittent,  251,  254 
stopcock,  252 
theory,  131 
timing,  251,  379 
vacuum  distillation,  484 
Path,  undeflected,  499.  See  also  Mean 
free  'path. 

Penn-State  still,  327 
Perfect  gas  law,  16 
Perfect  simple  distillation,  8,  30 
Perforated  plate,  219 
Peroxide  explosion  hazard,  300 
Phase  rule,  15,  358 
Phase  separation,  366 


Phlegm,  definition,  4 

Physical  properties,  314.  See  also  Boiling 
point ,  Refractive  index,  etc. 

Pig  receiver  changer,  480 
Pilot  material  for  elimination  distillation, 
522 

Pirani  gage,  513,  579,  587 
Plate  (real),  4, 176,  219 
bubble-cap,  219 
fritted-glass,  223 
metal,  225 
perforated,  219 

theoretical,  6,  7,  8,  30.  See  also 
H.E.T.P. 

height  equivalent  to.  See  H.E.  T .P . 
Plateau  in  distillation  curve,  310 
Plate  column,  9,  176,  219 
continuous  distillation,  47 
extractive  distillation,  354 
Plate  composition,  49,  64 
differential  equations,  125 
stepwise  calculation,  126 
Plate  efficiency.  See  Efficiency,  plate. 

Plate  equivalent,  56,  298 
Plate-equivalents  procedure,  calculation, 
68 

Plate  number  and  composition,  44,  93 
Plates,  infinite,  111 

and  relative  volatility,  320 
theoretical,  number  of,  13.  See  also 
H.E.T.P. 

batch  distillation,  162 
and  boiling  points,  172 
determination,  32-59,  65-68 
partial  reflux,  33 
hydrocarbon  analysis,  435 
minimum,  164 
and  reflux  ratio,  171 
and  relative  volatility,  171 
Plate-to-plate  calculations,  46 
Plate-to-plate  composition,  50 
Plotting  distillation  curve,  310 
Podbielniak  column,  389,  403 
Podbielniak  still  pot,  406 
Poiseuille’s  law,  560 
Polarity,  solvent,  338 
Pole-height  equations,  166 
Polymerization,  avoidance,  300 
Potentiometer  for  temperature  measure¬ 
ment,  278 

Powder  sublimate,  607 
Power  ratio,  heater,  263 
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Precipitation,  fractional,  10 
Preferential  adsorption  by  activated  char¬ 
coal,  419 

Preflooding,  and  condenser  capacity,  250 
and  Heli-Grid  packing,  217 
low-temperature  distillation,  422 
and  manometer,  back-pressure,  272 
and  packing  support,  237 
procedure,  305 

and  rectification  efficiency,  199 
test  procedure,  36 
Preformed  packing,  210 
Pressure,  and  azeotropism,  358 
and  boil-up  rate,  299 
control,  280,  494.  See  also  Manostat. 
avoiding  oscillation,  291 
cascade,  282 

diminished.  See  Vacuum  distillation, 
moderate. 

effect  on  condensation,  474 
on  separation,  84 
on  vaporization,  474 
exhaust,  573 

low.  See  Vacuum  distillation,  moderate. 
low-temperature  distillation,  413,  442 
partial,  14,  16,  18 

reduced.  See  Vacuum  distillation,  mod¬ 
erate. 

and  temperature,  280 
total  gas,  16 

vapor.  See  Vapor  pressure. 

Pressure  column.  See  Column. 

Pressure  drop,  and  boil-up  rate,  270 
Bruun  column,  222 
definition,  9 

empty  tube  column,  181 
and  feed  rate,  270 
and  flooding,  9 
and  H.E.T.P,  69 
Oldershaw  column,  225 
plate  column,  176,  220 
and  total  pressure,  468 
vacuum  distillation,  484 
wetted-surface  column,  178 
Pressure  gage.  See  Vacuum  gage. 

Pressure  regulator.  See  Manostat. 
Pressure  units,  541 

Pretreatment  of  distilland,  300,  417,  491 
Probe  gas,  leak  detection,  586 
Propane,  take-off  rate  in  distillation  of, 
424 


Propylene,  take-off  rate  in  distillation  of 
424 

Protruded  packing,  69,  208 
Pump,  backing,  563,  573 
booster,  570 
choice,  573 
condensation,  569 
diffusion,  488,  569 
fore,  563,  573 
mechanical,  563 
mercury  vapor,  568 
moderate  vacuum,  487,  563 
oil-immersion,  487,  563 
oil  vapor,  568 
fractionating,  575 
liquid,  574 
precautions,  575 
oil  vapor  ejector,  572 
solvent  recycle,  345,  346 
steam  ejector,  567 
Toepler,  417 
water  aspirator,  487 
water  ejector,  567 
Pump  oil,  488,  565,  574 
color,  575 

Pump  speed,  573,  597 

Purity  of  distillate,  determination,  307 

Q 

Quackenbush-Steenbock  still,  536 
Quartz  jacket,  241 
Quasisublimation,  603,  612 
entrainer,  631 

R 

Raoult’s  law,  18,  20,  21, 90,  91 
Raschig  rings,  packing,  207 
Rate,  boilup.  See  Boilup  rale. 
of  distillation,  9 
high  vacuum,  500 
of  sublimation,  608 
take-off,  178.  See  also  Partitioning. 
Ratio,  reflux.  See  Reflux  ratio. 

Rayleigh  equation,  99,  104,  120,  139 
algebraic  solution,  100 
graphic  solution,  102 
multicomponent  mixture,  108 
nomograph,  104 
Receiver,  definition,  3 
support,  294 
vacuum  distillation,  480 
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Receiver  changer,  480,  485,  48G 
ball-and-socket,  483 
stopcock,  482 

Rectification,  3.  See  also  Separation. 
contact,  4,  87,  469 
countercurrent,  469 
thermal,  4,  85,  87,  470 
theory,  473 

Rectification  unit,  batch,  175 
Rectifying  section,  175 
Redistillation,  multiple,  470 
Reduced  pressure.  See  Vacuum  distilla¬ 
tion. 

Reflux,  4,  175,  176 
finite.  See  Partial  reflux. 
flow  rate,  liquid,  47 
infinite.  See  Total  reflux. 
low-temperature  distillation,  421,  425 
minimum,  51,  111 
partial.  See  Partial  reflux. 
total.  See  Total  reflux. 

Reflux  dividing.  See  Partitioning. 

Reflux  partitioning.  See  Partitioning. 
Reflux  liquid  rate,  86 
Reflux  ratio,  5,  13.  See  also  Partitioning. 
batch  distillation,  145, 153, 169 
and  boiling  points,  173 
calculation,  166 
choice,  307 
control,  176,  250,  379 
determination,  13,  260 
and  distillate  composition,  131 
and  distillation  curve,  308 
empirical,  307 
gradual  increase,  132 
and  H.E.T.P.,  146 
low-temperature  distillation,  425 
and  number  of  plates,  171 
and  plate  efficiency,  146 
and  separation  sharpness,  11,  45 
stepwise  increase,  131 
and  time  of  distillation,  12 
and  timer  ratio,  252,  255 
and  yield  fraction,  138 
Reflux  temperature,  measurement,  273 
Refractive  index,  43,  97,  307,  312,  494 
and  composition,  313 
H.E.T.P.  determination,  41, 70 
low  temperature,  417 
and  temperature,  314 
Refrigerants,  411,  583 


Refrigeration,  408,  583 
Relative  volatility,  20 
batch  distillation,  145, 153,  169 
and  boiling  point,  22 
and  concentration,  27 
definition,  6,  318 
equation,  21 
and  H.E.T.P.,  8,  168 
multicomponent  mixture,  91,  108 
and  number  of  plates,  171 
and  pressure,  464 
and  separation  sharpness,  11 
and  vapor-liquid  equilibrium,  26 
Residue,  and  holdup,  309 

low -temperature  distillation,  426 
Resistance,  gas  flow,  542 
Resistance  thermometer,  248,  279,  580 
Retort,  3,  476,  629 
lteturn-to-still  procedure,  46 
Riegel  still,  529 

Rosin  oil,  holdup  determination,  119 

Rotameter,  345 

Rotating  column,  226,  227,  231 

s 

Safety,  vacuum  distillation,  476 
Salt  bath,  264 
Salting  out,  367 
Sample,  gas,  pretreatment,  417 
H.E.T.P.  determination,  45 
still,  32 

Sampling  apparatus,  33,  417 
Sand  bath,  264 
Semimicro  distillation,  479 
Semimicro  falling  film  still,  539 
Semipermeable  barrier,  508 
Semi-Robot,  391 
Separating  power,  definition,  6 
Separation,  90.  See  also  Rectification. 
close-boiling  liquids,  3 
holdup  inertia  effect,  152 
liquids  from  solids,  2 
other  than  by  distillation,  9 
partial  reflux,  59 
pressure  effect  on,  84 
sharpness,  11,  13,  67,  107,  145,  166,  225 
and  composition  change,  127 
and  holdup,  147 
standard,  170 
total  reflux,  63 
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Separation  factor.  See  Enrichment 
factor. 

Separation  stage,  height  of,  88 
Separation  steps,  number  of,  76 
Shock  wave  in  vapor  flow,  468 
Shot  bath,  264 

Side  arm,  properties  required  in  moderate 
vacuum,  480 
Silicone,  476 

Simple  distillation,  2,  98,  389 
perfect,  8,  30 
Simons  column,  413 
micro,  441 

Sintered  glass  to  avoid  bumping,  492. 
See  also  Bumping. 

Slit,  effect  in  high  vacuum  system,  558 
Smoker  equation,  53,  67,  107,  117, 

132 

Smoker  procedure  for  still-product  com¬ 
position  calculation,  59 
Snow  sublimate,  610 
Solenoid  partitioner,  255 
Solenoid  valve  for  pressure  control, 
292 

Solid  distillate,  299,  479,  480 
Solution  temperature,  critical,  334 
Solvation  in  extractive  distillation,  338 
Solvent  distillation.  See  Extractive  dis¬ 
tillation. 

Solvent  for  extractive  distillation,  318, 
320,  325 
choice,  338 
concentration,  324 
dipole  moments,  339 
effectiveness,  333 
polarity,  338 
preheating,  343 
recycle,  344 

removal  by  vacuum  distillation,  491 
Sorel  graphic  procedure,  49 
Sorel-Lewis  calculation,  47 
Sorel  method  for  plate-to-plate  calcula¬ 
tions,  67 

Spinning  band  column,  230,  231 
Spiral  column,  178,  183,  184,  188,  190 
pitch  change,  186 

Spiral  tube  column,  low-temperature 
distillation',  401 
Stability  of  charge,  299 
Standard  distillation,  170 
Standard  -taper  joint.  See  J oinl. 


Start  of  fractional  distillation,  305 
theory,  94 

Steady-state  distillation,  47 
composition,  59 

Steam  distillation,  16,  17,  320,  358,  374-8 
Steam  vaporization  efficiency,  377 
Stearic  acid,  holdup  determination,  119 
Stedman  calculations,  160 
Stedman  column,  210 
Still,  alembic,  high  vacuum  distillation, 
528 

Almquist,  532 

boiling  point,  high  vacuum,  511 
Breger,  539 
Carothers,  531 

centrifugal,  500,  508,  513,  540 
cone- type,  509 
laboratory,  514 
cleaning,  309 
cold  finger,  509 
concentric  tube,  499 
contaminants,  300 
definition,  3 

Detwiler  and  Markley,  537 
equilibrium,  8,  26 

azeotropic  distillation,  368 
Oth  mer,  326 
Penn-State,  327 
extractive  distillation,  343 
falling-film,  500,  523,  532 
semimicro,  539 
flowing-film,  500,  508,  513 
Gould,  531 
Hickman,  528,  535 
high  vacuum,  498 
cascade,  540 
laboratory,  527 
micro,  531 
horizontal,  477 
Matchett  and  Levine,  529 
molecular,  497 

sublimation,  613,  625 
mounting,  294 
pot-type,  528 

Quackenbush  and  Steenbock,  536 

Riegel,  529 

Strain  and  Allen,  531 

Taylor,  538 

tubular,  532 

vacuum  distillation,  476 

vertical,  483,  485 
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Still  head,  3,  4,  175,  176,  373.  See  algo 
Condenser,  Partitioning. 

Corad,  259 

Still  mounting,  framework,  294 
Still  pot,  175,  200 
concentric  tube,  527 
cylindrical,  261,  264 
high  vacuum,  499,  527 
low-temperature  distillation,  406 
Podbielniak,  406 
Still  sample,  32 
Stirrer  seal,  595 
Stirring,  231 
magnetic,  493 

Stopcock,  high  vacuum  system,  597 
ordinary  distillation,  292 
Strain-Alien  still,  531 
Streamlined  flow,  178 
Stripping  section,  definition,  4 
equations,  53 
Sublimand,  603 
Sublimate,  603 
macrocrystalline,  607 
Sublimation,  603-645 

condenser  temperature,  608 
entrainer,  609,  619,  630 
equation,  609 
vacuum,  639 
equation,  empirical,  604 
flash,  640 

fractional,  623,  626,  637,  643 
heat  of,  604 
high  temperature,  640 
latent  heat  of,  604 
low  temperature,  636 
multiple  manifold,  625 
simple,  608,  629 
steam,  609 

vacuum,  610,  620,  633,  644 
entrainer,  627 
Sublimation  curve,  604 
Sublimation  pressure,  606 
Sublimator,  613 
horizontal,  629 
U-tube,  628 
vertical,  614 
Subliming  point,  605 
practical,  605 

Sulfuric  acid  manostat,  282 
Supercool  column,  405 


Superfractionator,  226 
Superheating,  475 
local,  492 
sublimation,  610 

Support,  for  distillation  column,  294 
packing,  236 
Surface,  liquid-film,  175 
Surface  tension  and  column  choice,  225 
Surge  tank,  291 
Symbol  index,  xviii-xxvii 

high  vacuum  distillation,  495,  544 

T 

Take-off.  See  Partitioning. 

Tamper,  use  in  packing,  237 
Taylor  still,  538 

Teflon  to  avoid  bumping,  492.  See  also 
Bumping. 

Temperature,  critical,  605 
elimination,  high  vacuum,  517 
gradient,  effect  on  flow,  83 
measurement,  262,  307 
extractive  distillation,  350 
high  vacuum,  510 
low-temperature  distillation,  411 
reflux,  273 

vacuum  distillation,  493 
and  pressure,  280 
solution,  critical,  334 
Terminology,  1-9 
Tesla  coil  for  leak  detection,  586 
Test  mixture,  choice,  35 

H.E.T.P.  determination,  38,  43,  70-74, 
298 

Theoretical  plate(s),  6,  7,  8,  30.  See  also 
H.E.T.P. 

height  equivalent  to.  See  H.E.  T.P. 
number  of,  13 

determination,  32-59,  65-68.  See 

also  H.E.T.P.,  determination. 
partial  reflux,  33 
hydrocarbon  analysis,  435 
Theory  of  azeotropic  distilla  tion,  357 
of  distillation,  1-174 
limitations,  13,  15 
of  extractive  distillation,  322 
of  high  vacuum  distillation,  501 
of  vacuum  distillation,  467 
Thermal  exposures,  various  stills,  507 
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Thermal  hazard,  reduction  by  vacuum 
distillation,  505 

1  hermal  lectification.  See  also  Rectifica¬ 
tion. 

column,  472 
Thermistor,  581 
Thermocouple,  247,  275,  41 1 
calibration,  278 
construction,  276 
leads,  279 

multiple  junction,  277 
Thermocouple  gage,  579 
Thermocouple  well,  276 
Thermometer,  275 
partial  immersion,  275 
resistance,  248,  279,  580 
total  immersion,  275 
Thermometer  well,  260,  479 
Threaded  column,  186 
Throughput.  See  also  Boil-up  rate. 
batch  distillation,  145 
Bruun  column,  221 
and  column  efficiency,  221 
definition,  9 

empty  tube  column,  179 
and  H.E.T.P.,  146 
Oldershaw  column,  225 
plate  column,  220 
and  plate  efficiency,  146 
and  separation  sharpness,  1 2 
and  time  of  distillation,  176 
and  turbulence,  199 
Throughput-holdup  ratio,  147 
Time  of  distillation,  12,  145,  176,  223 
calculation,  133 
low-temperature,  424 
Time  of  equilibration,  129,  145,  215,  221, 
223 

Time  of  extractive  distillation,  342 

Time  of  preflooding,  305 

Timer,  255,  345 

Time  of  sublimation,  609 

Time  of  total  reflux,  306 

Toepler  pump,  417 

Total  condenser.  See  Condenser. 

Total  reflux,  composition,  still  and  prod¬ 
uct,  63 
definition,  5 

H.E.T.P.  determination,  32,  47,  80,  91, 
107 


Total  reflux  ( continued ) 
ordinary  distillation,  176 
and  partitioner,  256 
separation,  63 
time  of,  306 
Tower.  See  Column. 

Transfer,  vapor-liquid,  178 
Transfer  unit,  height  of.  See  H.T.U. 
Transformer,  263,  294,  345 
Trap,  cold,  304,  489 

high  vacuum  system,  555,  582 
hot,  566 

vacuum  distillation,  488 
Triple  point,  sublimation,  604 
Trouton’s  rule,  22,  172 
Tube,  concentric,  high  vacuum  system, 
558 

high  vacuum  system,  553,  561 
Tubing,  precision-bore,  197 
resistance,  543 

rubber,  high  vacuum  system,  592 
Tubular  still,  532 

Turbulence  and  column  efficiency.  199, 
230 

Turbulent  flow,  199,  467,  562 
Two-phase  system,  distillation,  301 

u 

Udder  receiver  changer,  480 
Uninsulated  column,  186 
Unobstructed  path  distillation,  497 
USA  (usual  simplifying  assumptions),  -17 
106 

y 

Vacustat,  578 
Vacuum,  ultimate,  573 
Vacuum  distillation,  columns,  18(5,  231, 
468, 470,  479 
entrainer,  478,  493 
high,  495-602 

analytical,  517,  526 
application,  513 
connections,  592 
cyclic,  511 
laboratory,  601 
plumbing,  551,  592 
simple,  509 
symbols,  495,  5T1 
technique,  509 
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Vacuum  distillation,  high  ( continued ) 
theory,  501 
moderate,  463-494 
apparatus,  476 
condenser,  480,  486 
cut  point,  493 
partial  condenser,  475 
procedure,  491 

spiral  column  adjustment,  186 
theory,  467 
and  pressure  drop,  176 
and  relative  volatility,  12 
safety,  476 

temperature  measurement,  493 
and  thermal  rectification,  85,  470 
Vacuum  fittings,  592 
Vacuum  gages,  489,  576 
location,  490 

Vacuum  jacket.  See  Jacket,  vacuum. 
Vacuum  sublimation,  610,  620,  633,  644 
entrainer,  627,  639 
Vacuum  system,  high,  540-602 
calculations,  597 
integrated,  597 
pump  speed,  597 

Valve,  diaphragm,  low-temperature  dis¬ 
tillation,  394 

high  vacuum  system,  555,  597 
partitioning.  See  Partitioning. 
throttling,  291 
Van  der  Waals  forces,  606 
Van  Laar  equation,  24 
Vapor  composition,  31,  77 
Vapor  diffusivity,  469 
Vaporization,  474 

latent  heat  of,  19,  173 
partial,  4 

Vapor-liquid  composition  diagram,  7, 
25-28,  37 

Vapor-liquid  equilibrium,  determina¬ 
tion,  8 

Vapor-liquid  equilibrium  relation,  1 1 
Vapor  pressure,  analysis  by,  417 
and  azeotropism,  370 
and  boiling  point,  19 
codistillation,  17 
and  composition,  24,  30 
definition,  5 
equation,  19 
ideal  mixture,  18 


Vapor  pressure  ( continued ) 
immiscible  system,  15 
partial,  5 

steam  distillation,  17 
and  temperature,  19,  20,  21,  392, 
604 

and  vapor  composition,  14 
and  volatility,  318 

Vapor  pressure  ratio  and  relative  vol¬ 
atility,  6 
Vapor  rate,  49 
Vapor  sampling,  32 
Vapor  velocity.  See  Throughput. 
mass,  78 

radially  averaged,  81 
Vapor  viscosity,  83,  181 
Variac.  See  Transformer. 

Velocity,  molecular,  86,  503 
vapor,  mass,  78 

radially  averaged,  81 
Vertical  still,  483,  485 
Vigreux  column,  193 
Viscosity,  liquid,  181 

and  molecular  collision,  545 
vapor,  83,  181 
Viscous  flow,  545,  560 
Volatility,  6,  20,  318 

relative.  See  Relative  volatility. 
with  steam,  29.  See  also  Steam  dis 
tillation. 

Voltage,  heater,  263 

YT 

W  factor,  551 

Warm-up  time.  See  Time  of  equilibra¬ 
tion. 

Watch  glass  sublimator,  614 
Water,  dissolved.  See  Wet  material. 
Weathering,  low-temperature  distillation, 
407. 

Weighing  fractions,  304 

Weight  fraction,  120 

Weir  height  and  plate  efficiency,  225 

W'esthaver  and  Kuhn  equations,  79 

Wet  material,  221,  225,  301 

low- temperature  distillation,  419 
Wetted-surface  column,  175,  178 
Widmer  column,  184,  245,  484 
Wire-coil  column,  183,  190,  193 
low-temperature  distillation,  399 


664 


SUBJECT  INDEX 


Y 

Yield  fraction,  calculation,  133 
and  reflux  ratio,  138 


Z 

Zero  shilt  in  vacuum  gage,  in  presence  of 
organic  vapors,  581 
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